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This thesis investigates the use of structured catalysts for the oxygen reduction 
reaction (ORR) in ex-situ running direct methanol fuel cells (DMFCs) in standard 
three-electrode test cells under the typical acidic fuel cell environment and seeking a 
fundamental understanding of the relations between surface structure and catalytic 
activity. To this end a series of heterogeneous core shell catalysts with favorable near 
surface alloy (NSAs) structures were prepared by galvanic replacement reactions. The 
subsurface addition of 3d transition metals improves the activity of a PdPt catalyst by 
reducing the oxygen binding energy. Optimal activity close to the maximum of the 
volcano curve is predicted for PdFe@PdPt and PdCo@PdPt core shell catalysts. 
 
Topically, the thesis is divided into 8 chapters. Chapter 1 outlines the motivation and 
the scope of work. Chapter 2 reviews the current literature most relevant to this thesis 
study. The major findings are covered in Chapter 3 through 7, with conclusions and 
suggestions for future work presented in Chapter 8.  The chapters from 3 to 7 involve 
most work of thesis, so they are summarized in detail as the following: 
 
Chapter 3 discusses the preparation of carbon-supported Pd-rich core shell Pd@Pt 
nanoparticles by a galvanic replacement reaction carried out at elevated temperatures. 
The core-shell particle size could be varied by the size of the Pd seeds, and the surface 
composition by the amount of the Pt precursor used. The ORR activities and methanol 
tolerance of the core-shell Pd@Pt/C electrocatalysts were measured and benchmarked 





against a commercial Pt/C DMFC cathode catalyst under the same experimental 
conditions. The results showed that the Pd@Pt/C electrocatalysts were active for the 
oxygen reduction reaction at room temperature in acidic solutions, in the presence of 
0.1M methanol. The experiments suggested that the best overall compostion was 
determined to be Pd@Pt/C(70:30) with an overall Pd:Pt atomic ratio of 70:30. The 
enhanced ORR activity of core shell Pd@Pt/C(70:30) relative to Pt/C could be 
explained in terms of the weaker OHads binding on the Pt sites, and the combination of 
favorable electronic and strain effects. 
 
Chapter 4 extends upon the techniques of Chapter 3, applying the galvanic 
replacement reaction to fabricate heterogeneous PdCo@PdPt/C catalysts with a PdPt 
shell over a PdCo core. The purpose was to tailor the ORR activity by varying the 
composition of the PdCo core and by controlling the amount of Pt in the shell. The 
results showed a volcano-like response for the ORR activity with respect to the lattice 
parameters of the PdCo underlayers, and to the % Pt in the total noble metals. The 
volcano curve peaked at the composition Pd70Co30@Pd70Pt30/C. The ORR activity 
was higher than that of the reference Pt/C catalysts and was achieved at a lower Pt 
loading. The observed improvements in ORR performance could be attributed to 
strain effects due to the lattice mismatch between the surface layers and the 
subsurface layers with a different composition. 
  
Chapter 5 and 6 examine the methanol tolerance of heterogeneous PdCo@PdPt/C and 
PdFe@PdPt/C catalysts with near-optimal compositions. The performance of these 
heterogeneous electrocatalysts were compared with those of monometallic catalysts 





(Pt and Pd), bimetallic alloy catalysts (PtCo and PdFe), and a tri-metallic alloy 
catalyst (PdPtFe). The results showed that new heterogeneous electrocatalysts with 
favorable PtPd surface had the highest ORR activity, methanol tolerance and catalyst 
stability among the catalysts tested.  
 
Chapter 7 reports the most ambitious effort in this thesis work, where we 
experimentally prepared, studied a series of the PdM@PdPt  electrocatalysts (M=Ni, 
Co, Fe and Cr) and theoretically validate the relationship between surface structure 
and catalytic activity. In detail, five carbon-supported heterogeneous catalysts PdPt, 
PdM@PdPt with the same PdPt surface but different cores were experimentally 
prepared by a galvanic replacement reaction and evaluated for ORR and methanol 
tolerance. The size and shape of the catalytic nanoparticles were kept almost the same 
to minimize the particle size effect in catalysis. Density functional theory (DFT) 
calculations (from Dr. Saeys group) were performed to gain some insight into the 
origin of catalytic activity. The results showed that the ORR activity both in the 
absence and presence of methanol followed a volcano-like response with respect to 
the catalyst composition. Maximum ORR activity occurred around the compositions 
PdCo@PdPt/C and PdFe@PdPt/C, which could be satisfactorily rationalized by the d 
band model advanced by Nørskov and coworkers (Hammer and Norskov, 2000; 
Greeley et al., 2002; Kitchin et al., 2004). The optimal catalyst composition represents 
a balance between the need for dissociative oxygen adsorption and the need for the 
removal of adsorbed OH species which was an inhibiting reaction intermediate. 
 





In summary this thesis study has verified the importance of near surface alloys (NSAs) 
in ORR catalysis, and provided practical methods of preparation which are viable for 
industrial adoption. It also demonstrated a few compositions with good ORR activity 
and methanol tolerance which were not obvious in the current catalyst design. 
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The strong growing interest in using direct methanol fuel cells (DMFCs) as portable 
and mobile power sources is rooted in a few desirable features of this fuel cell type: 
high volumetric energy density, quick start-up, convenience of generating energy 
from a liquid fuel, and small environmental footprint (Hamnett, 1997; Antolini, 2003). 
However, the DMFC technology still faces a number of challenges presently: low 
activities of the anode and cathode catalysts at room temperature, and the crossover of 
methanol from the anode to the cathode through the polymer electrolyte membrane 
(PEM) (Neergat et al., 2003). The crossover methanol interfere with oxygen reduction 
at the cathode (generally catalyzed by Pt), resulting in the creation of a mixed 
potential which drastically decreases the DMFC performance (Antolini et al., 2008). 
Moreover, the Pt surface is highly susceptible to catalyst poisoning by adsorbed CO, 
which is a byproduct of methanol oxidization (Arico et al., 2001). The CO poisoning 
results in poor catalyst stability and a further reduction of the fuel cell performance. 
These problems could in principle be solved by using new membrane materials with 
low methanol permeability or by developing new cathode catalysts with good 
methanol tolerance. For the latter approach good methanol tolerance has been 
reported in the literature for non-noble metal catalysts based on chalcogenides and 





transition metal marcocycles (Reeve et al., 2000; Schmidt et al., 2000; Yuasa et al., 
2005). However, their chemical instability in the acidic environment of PEM fuel 
cells and their low intrinsic oxygen reduction reaction (ORR) activities in the absence 
of methanol are significant disadvantages. Pd is another noble metal with good ORR 
activity besides Pt (Norskov et al., 2004). It is less expensive, stable in acidic 
solutions and has good methanol tolerance compared with Pt (Lee et al., 2006; Shao et 
al., 2006). However, its ORR activity is about one order of magnitude lower than that 
of Pt (Savadogo et al., 2004; Hayre et al., 2006; Mathiyarasu and Phani, 2007). As a 
mitigating measure bimetallic PdPt alloys were considered (Li et al., 2007; Ye and 
Crooks, 2007) and good ORR performance was shown even in the presence of 
alcohols (Li et al., 2004; Lopes et al., 2008). However, these homogeneous bulk alloy 
catalysts which have the noble metals throughout the particle volume could not make 
use of the noble metals in the sub-surface regions. The tailorability of ORR activity 
and methanol tolerance is also limited by the range of allowable alloy composition. 
 
Near surface alloys (NSAs), where a solute metal is present near the surface of a host 
metal with concentration different from the bulk (Stamenkovic et al., 2007; Alayoglu 
et al., 2008; Luo et al., 2008; Strasser et al., 2008), offer new opportunities in catalyst 
design. Computational catalysis and experimentations with model catalysts have 
shown promising results for catalysts with favorable NSA structures. In some studies, 
surface strain was recognized as the means for tuning the catalytic activity. A strained 
surface could be obtained by depositing a pseudomporhic active metal monolayer (Pt 
or Pd) on a single crystal substrate with a different lattice constant (Kibler et al., 2005; 
Zhang et al., 2005). Heterogeneous catalysts with favorable NSA surfaces could also 





be obtained via a core-shell construction, using for example ultrahigh-vacuum (UHV) 
techniques (Stamenkovic et al., 2006), surface metal galvanic displacement reaction 
(Adzic et al., 2007) and surface metal depletion gliding reaction (Strasser et al., 2008). 
However, the aforementioned methods are complex, and there is still a lack of simple 
and practical methodologies that could easily produce a large quantity of catalysts 
with surface structures similar to those found favorable in the surface science studies. 
 
1.2 Objectives and Scope 
 
This Ph. D. study is aimed at producing nanostructured DMFC cathode catalysts with 
favorable Pt or PdPt NSA structures. The scope of work includes the preparation of 
heterogeneous core-shell electrocatalysts, the evaluation of the catalyst activities and 
their methanol tolerance, and identification of the relations between catalyst structure 
and catalytic activity. For the core metal materials, we have chosen Pd and Pd-M 
alloy (M=3d transition metals Ni, Co, Fe, Cr) due to their documented ability for 
lattice contraction (Gasteiger, et al., 2005). 
 
The specific activities in this thesis study include the following: 
 
1. The development of a simple procedure to produce Pd-rich core shell Pd@Pt 
nanoparticles on carbon by the galvanic replacement reaction (Sun, et al., 2002) 
at elevated temperatures. The particle size could be controlled by the size of 
the Pd seeds, and the surface composition by the amount of the Pt precursor 





used. The ORR activities and methanol tolerance of the core shell Pd@Pt/C 
electrocatalysts were measured and benchmarked against a commercial Pt/C 
DMFC cathode catalyst under the same experimental conditions.  
 
2. The procedures established in (1) were used next to fabricate heterogeneous 
PdCo@PdPt/C catalysts with a PdPt shell over a PdCo core. The ORR activity 
was varied by tuning the composition of the PdCo underlayers and by 
controlling the amount of Pt in the PdPt surface. The catalyst activity in ORR 
was understood in terms of the ligand effect due to the electronic interaction 
between the noble metals (Pt or Pd) and the oxophilic metal (Co), and the 
strain effect arising from the lattice mismatch between the PtPd surface and 
the PdCo core.  
 
3. The heterogeneous PdCo@PdPt catalyst in (2) was compared with 
monometallic Pt and Pd catalysts and bimetallic PdCo catalyst. The ORR 
activities and methanol tolerance were measured, again using a commercial 
Pt/C DMFC cathode catalyst as reference. The purpose was to identify factors 
which could improve ORR activity in the presence of methanol while keeping 
the chemical stability the same as that of Pt/C.  
 
4. For a further reduction in catalyst cost and catalyst environmental footprint, a 
PdFe@PdPt/C catalyst with a PdPt shell on a PdFe core was prepared. The 
performance of the heterogeneously structured catalysts was compared with a 
bulk alloy catalyst with the same overall composition, and the Pt/C reference 





catalyst. The purpose was to determine, given the same overall metal 
composition, whether a strategic segregation of the catalytic metals (i.e. via 
core-shell construction) or the homogenization of the catalytic metals would 
lead to a more beneficial catalytic outcome.  
 
5. Finally, five heterogeneous catalyst systems [PdPt, PdM@PdPt (M=Ni, Co, Fe 
and Cr)] with the same surface composition but different core compositions 
were prepared and evaluated for ORR. The catalyst particle size and shape 
were kept the same to minimize the geometric effects in catalysis. Density 
functional theory (DFT) calculations were carried out to gain additional 
insights such as changes in the surface d-band centers and oxygen binding 
energies on the surface with catalyst surface structure and hence catalytic 
activity.  







This chapter provides a succinct account of the major topics relevant to this work. 
These topics are discussed in three sections. The first section introduces the DMFC 
technology, the oxygen reduction reaction at the cathode and some catalysis 
fundamentals. This is followed by a review of the conventional ORR electrocatalysts. 
The chapter closes with the discussion of structured electrocatalysts, especially their 
methods of preparation, application performance and some known catalyst structure-
activity relationships which are useful for the catalyst design.   
 
2.1 Direct Methanol Fuel Cells (DMFCs)  
 
Fuel cells are being promoted as the power source for stationary and portable 
applications, as an alternative to the internal combustion engines in electric vehicles, 
and at one time as a substitute for secondary batteries (although current view prefers a 
complementary co-existence since fuel cells and secondary batteries have different 
electrical characteristics). Fuel cells are generally classified by the type of electrolytes 
used into alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), proton-
exchange membrane fuel cells (PEMFCs), molten carbonate fuel cells (MCFCs), and 
solid oxide fuel cells (SOFCs) (Neergat et al., 2003). Among these fuel cell types, 
PEMFCs are most noted for their room operating temperature and quick start-up 




(Ralph and Hogarth, 2002). They were also the first fuel cell type developed for the 
Apollo project (Bockris and Srinivasan, 1969). DMFC is a PEMFC variant where 
methanol is used as a fuel directly (i.e. without chemical reforming into hydrogen). A 
schematic for the operation of a DMFCs is shown in Figure 2.1. 
  




In DMFCs, methanol is catalytically oxidized at low temperature at the anode to form 
carbon dioxide. Water is also consumed as a co-reactant. The protons (H+) from 
methanol oxidation are transported across the proton exchange membrane (PEM) to 
the cathode where they react with oxygen to form water. Electrons are transported via 
an external circuit from the anode to cathode providing power to the external devices 
(Arico et al., 2001). 
Anode:                  3 2 2 6 6CH OH H O CO H e
+ -+ ® + +           E=0.046 V    (1)         
Cathode:                2 23 / 2 6 6 3O H e H O
+ -+ + ®                      E=1.23 V     (2)           
Overall Reaction:  3 2 2 23 / 2 2CH OH O CO H O+ ® +               E=1.18 V     (3) 
 




Although DMFCs have the advantage of using a even relatively safe fuel (liquid 
methanol or methanol solution) directly without the need for any fuel-processor 
subsystem which runs at elevated temperatures and adds to the complexity of the fuel 
cell system.  Several operational problems still remain: 1) the low electrocatalytic 
activities of the noble metals (the de facto catalyst system) and their alloys for 
methanol electrooxidation and oxygen reduction, even at high metal loadings;  and 2) 
the crossover of liquid methanol from the anode to the cathode, which not only results 
in the loss of fuel but more importantly the loss of efficiency for the oxygen reduction 
reaction at the cathode (Hogarth and Ralph, 2002; Shao et al., 2009). Most current 
research efforts are therefore directed at addressing these two major operational issues, 
especially for the cathode reaction which is the slower of the two electrode reactions 
(Greeley, et al., 2009). 
 
2.1.1 Oxygen Reduction Reaction (ORR) 
 
2.1.1.1 Oxygen Adsorption 
 
The adsorption of oxygen is a complex process since molecular adsorption, 
dissociative chemisorptions, and oxide formation are all probable events under 
moderate temperature and pressure conditions. The catalyst’s ability to interact with 
oxygen and the extent of this interaction determine its catalytic activity toward 
oxygen reduction. Catalysts which bind oxygen too weakly or too strongly are poor 
candidates. The ideal catalyst should have just the “right” value of binding energy that 




maximizes the catalytic activity. This concept is generally known as the Sabatier’s 
principle: there must exist an optimum in the rate of a catalytic reaction as a function 
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Figure 2.2 Models for oxygen adsorption on the metal (a) the Griffiths model (b) the Pauling 
model (c) the bridge model (Kinoshita, 1992 ). 
 
Three models have been used to describe the interaction between oxygen and the 
surface of a transition metal ORR catalyst (Figure 2.2) (Kinoshita, 1992). In the 
Griffiths model, the oxygen molecule adsorbs laterally with its π orbital interacting 
with the empty dz2 orbital of the transition metal. The π* orbital of O2 is also back 
bonded with the partially filled dxz or dyz orbital of the transition metal. The O-O bond 
is weakened by the increase in its bond length. If the interaction is sufficiently strong, 
the adsorbed molecular oxygen may dissociate and be hydrogenated at the same time. 
In the Pauling model, oxygen molecule adsorbs in an end-on fashion, with the π 
orbital of O2 interacting with the dz2 orbital of the transition metal.  Partial electron 
transfer from the metal to oxygen occurs. Formation of superoxide and peroxide 
intermediates in succession is believed to occur following the adsorption of oxygen.  
In the bridge model, the lateral adsorption of O2 requires two adsorption sites with 
partially filled d orbital to bond with the π* orbital of O2. Interaction by the bridge 
model results in firstly the oxidation and then the reduction of the electrocatalyst 




adsorption site. The bridge model is the prevailing view for oxygen adsorption on 
transition metals such as Pt (Yeager, 1986). 
 
2.1.1.2 Oxygen Reduction Reaction Pathways 
 
 
Figure  2.3 Oxygen reduction reaction pathways (Markovic and Ross, 2002). 
 
The literature is replete with review articles on the mechanism of the oxygen 
reduction reaction.  Of the various reaction schemes proposed for the ORR, the 
simplified version given by Wroblowa et al. (Wroblowa et al., 1976) appears to be the 
most effective in describing the complex reaction pathways by which oxygen is 
reduced at a metal surface, as shown in Figure 2.3. Based on this reaction scheme, 
oxygen can be electrochemically reduced either directly to water with the rate 
constant k1 without intermediate formation H2O2, ad (generally known as the direct 4-
electron reduction) or to H2O2, ad with the rate constant k2 (series 2-electron reduction). 
The adsorbed peroxide can be electrochemically reduced to water with the rate 
constant k3 (series 4 electron reduction), chemically decomposed on the electrode 




surface (k4) or desorbed into bulk of the solution (k5). According to Markovic et al., 
(Markovic and Ross, 2002) the rate of ORR may be written as follows:  
 
2




= - Q - -                 (4) 
 
where j is the measured current density, n is the number of electrons exchanged, k is 
the rate constant, 
2o
C the concentration of O2 in the solution, adQ  the total surface 
coverage by anions ( anionsQ ) and ( adOHQ ), x is either 1 or 2 depending on the site 
requirement of the adsorbate, E is the applied potential, and β and γ are symmetry 
factors in the electrode reaction (assumed to be 1/2), and r is a parameter 
characterizing the rate of change of the apparent standard free energy of adsorption 
with the surface coverage by  adsorbing species. In the derivation of equation 4, it was 
assumed that the reactive intermediates 2( )adO
-  and 2( )adHO
-
 are adsorbed to low 
coverage. Therefore, the kinetic of oxygen reduction is determined by the free sites 
available for the adsorption of oxygen (1- adQ  term) and by the change in the Gibbs 






2.1.2 Methanol Crossover 
 
Methanol crossover through the PEM is known to be one of the most challenging 
problems affecting the performance of DMFCs (Wolf et al., 2003). The Pt-based 




cathode catalysts are not selective to ORR and methanol can be adsorbed on the 
catalyst surface and be oxidized. This can reduce the cell voltage and generate 
additional water. Moreover, the catalytic sites, especially those based on Pt, are easily 
poisoned by adsorbed CO which is a byproduct of methanol oxidization. These 
problems can be addressed by using PEMs which inhibit methanol permeation, by 
developing new cathode electrocatalysts with higher methanol tolerance, or by 
developing very efficient anode electrocatalysts that could oxidize methanol 
completely at the anode (Antolini et al., 2008). It is believed that the final solution 
will be a combination of some or all of these approaches since none of them could 
fully rectify the situation. The focal point of this study is on the development of high 
fuel-tolerant cathode electrocatalysts. 
 
 
Figure  2.4 The rates of methanol crossover in a 1M methanol solution at different temperatures 
and flow rates  (a) The rates of methanol crossover at a fixed flow rate (0.47 g/min) and different 
temperatures and moralities for a running DMFC(b) (Casalegno et al., 2006). 
 
The crossover of methanol is influenced by temperature, methanol concentration, 
membrane characteristics, and even by the operating current density (Arico et al., 
2001). Figure 2.4 shows the rate of methanol crossover as a function of temperature 
and concentration. It is not surprising to find the crossover increasing with 




temperature and concentration. In general, an increase in temperature causes an 
increase in the diffusion coefficient of methanol and also the swelling of the PEM. 
Both effects contribute to the increase in the methanol crossover rate. The crossover is 
driven by the methanol concentration gradient between anode and cathode and by 
molecular transport caused by electroosmotic drag. The latter is directly related to 
proton migration through the membrane and hence increases with the current density. 
The methanol permeability caused by the concentration gradient at the 
electrode/membrane interface is dependent indirectly on the operating current density. 
In the polarization curve of a running DMFC, the onset of diffusion limitation occurs 
when the rate of reactant supply is lower than the rate of electrochemical consumption. 
Thus, if the anode is sufficiently active to oxidize methanol electrochemically to CO2 
at a rate comparable to or higher than the rate of methanol supply, the concentration 
gradient at the electrode/membrane interface could decrease to zero. This condition 
can be realized at a current density close to the limiting value in the DMFC (Ren et al., 
1999).  
 
2.1.3 Catalysis Fundamentals  
 
2.1.3.1 d-band Model 
 
A particularly useful model in heterogeneous catalysis, which is often used to relate 
changes in the electronic structure of transition metal surfaces to changes in chemical 
reactivity, is the d-band model (Hammer and Norskov, 2000). The most salient 




features of this model will be described below. The model is founded on the premise 
that variations in adsorption energies form the basis for the trends in surface reactivity 
in both heterogeneous catalysis and electrocatalysis. 
 
 
Figure  2.5 Schematic illustration of the formation of a chemical bond between an adsorbate 
valence level and the s- and d-states of a transition metal surface (Bligaard and Norskov, 2006). 
 
In the d band model the variations in adsorption energies and activation barriers for a 
reaction on a transition metal are caused by the coupling between the adsorbate-
surface bonds, which consist of two contributions: 
 
0 dE E ED = D + D                       (5) 
 
where 0ED  is the bond energy contribution from the coupling of the adsorbate states 
to the free electron like s-electrons and dED is the contribution from the extra 
interaction with the transition metal d-electrons. The two step model is illustrated in 
Figure 2.5. 
 




Because the s bands of transition metals are broad and are always half filled, it is 
reasonable to assume that 0ED  is independent of the metal. Therefore ED  is mainly 
dependent on dED . In general, the coupling of the adsorbate states to the metal d-
bands will depend on a number of parameters, e.g. the energy of the adsorbate state, εa, 
the density of d states projected onto the metal atoms in direct contact with the 
adsorbate, nd(ε) and the coupling matrix elements between the adsorbate and the 
surface states. In most situation, εa and the coupling matrix elements are constant and 
only nd(ε) varies. The first moment of nd(ε), the center the of d band, εd  is therefore 
used as the simplest descriptor. 
 




Figure  2.6 Pseudomorphic monolayer on a single crystal substrate:  the shift in the d band 
center is due to changes in the interatomic distance (Kibler et al., 2005). 
 








electron orbital between the metal atoms and therefore changes the electronic 
properties of the surface and its reactivity (Chorkendorff and Niemantsverdriet, 2003). 
Although the degree of d band filling remains the same, the width of the d band and 
the energy of its center, εd change when the overlap changes, as shown in Figure 2.6. 
If the surface is under tensile strain, the atoms are pulled apart and the average 
coordination number decreases, leading to the decreased overlap of the d orbital, and 
consequently the band narrows. The center of the d band moves up in energy in order 
to maintain the same filling degree. Hence, the application of compressive strain and 
tensile strain to a surface can be an effective means to influence the surface reactivity. 
The center of the d band is given by the expression in equation 6.  This expression 
indicates that the change in the hybridization energy, the energy gained from 
hybridization of the adsorbate orbital with the metal d-band, is proportional to the 
shift of the d band center. Thus, if the d band shifts upwards the hybridization energy 
increases and vice versa. Strain and the associated shift of the d band can be brought 
about by growing the desired metal pseudomorphically on other materials with a 
different lattice constant. The overlayer may thereby be strained or compressed 













D » - º
-
                (6) 
 
Where f is the filling degree of the d band, de  is energies center of d band (the 
centroid of the density of d states in an atomic sphere centered at a surface atom) and 
2pe   is the adsorbate orbital energy (renormalized by the metal sp-bands).  





The compressive and tensile strains leading to narrower or broader d bands shift the d-
band center up or down in energy respectively. An upward shift leads to a stronger 
interaction with the adsorbate and thus a stronger chemisorption bond. The down shift 
has the appositive effect. Norskov and co-workers have given an overview of the d 
band position for monolayer of one metal on top of another, as shown in Figure 2.7. 
The accuracy of the values in Figure 2.7 is limited since many approximations had 
been made to calculate them. Nevertheless, they reflect a general trend and give 




Figure  2.7 Changes in the d-band centers for monolayer overlayers on transition metal 








2.2 Common ORR Electrocatalysts   
 
Many transition metal based catalysts have been evaluated for ORR, including alloyed 
and unalloyed metals and metal complexes. This section will review the more 
common ORR electrocatalysts, particularly their ORR activity and methanol tolerance.  
 
2.2.1 Pure Metals 
 
2.2.1.1 Pt Single Crystals 
 
Pt single crystals with different exposed crystallographic planes, Pt(h k l), were used 
to investigate the structure sensitivity of the ORR. Structural sensitivity is most 
apparent in electrolytes where there is strong adsorption of anions, such as H2SO4 
solution (Markovic and Ross, 2002). The activity of Pt (h k l) for ORR in H2SO4 was 
found to increase in the following order: Pt (111) <Pt (100) <Pt (110) (Markovic et al., 
1995). Significant deactivation of the Pt (111) surface was detected, which was 
attributed to the strong adsorption of the bisulfate anions. Although bisulfate 
adsorption on Pt (h k l) surfaces inhibits the reduction of molecular O2, probably by 
blocking the initial adsorption of O2, it does not affect the reaction pathway of oxygen 
reduction in a substantive way (Markovic et al., 1995). 
 
In the potential range where oxygen reduction is under the combined influence of 
reaction kinetics and diffusion, the reactivity order in HClO4 follows the sequence 




(100) < (110) ≈< (111) (Markovic and Ross, 1999; Markovic and Ross, 2002). The 
structure sensitivity of the ORR could be attributed to the structure–sensitive 
adsorption of the intermediate OHad species in the reaction. The (111) surface has the 
lowest coverage by OHad, and the weakest Pt-OHad  interaction. The (100) has the 
highest coverage by OHad and Had and hence is the most deactivated. The (110) has an 
medium coverage by OHad, so its activity is higher than one of Pt(100) and slightly 
lower than one of Pt(111). The Tafel slopes of ORR on different single crystal Pt 
faces in HClO4 maybe deviate quite substantially from 120 mV/dec (Markovic and 
Ross, 1999). The change in the slope has been attributed either to the change from 
Temkin to Langmuir adsorption (i.e. the effect of r
adOH
Q term in the equation 4) for 
the adsorption of the reaction intermediates, or to a change in the surface coverage by 
OHad, i.e. the effect of (1-
adOH
Q ) term in the equation 4  (Markovic et al., 1999). 
 
2.2.1.2 Other Metals 
 
Figure 2.8 summarizes the ORR activities of metals as a function of O and OH 
binding energies (Norskov et al., 2004). The computational results agree well with 
experimental observations, showing Pt as the best monometallic catalyst for oxygen 
reduction. Pd is another noble metal with significant ORR activity besides Pt. It is 
also less expensive, stable in acidic solutions and has good methanol tolerance 
compared with Pt. Its main disadvantage is a lower ORR activity compared with Pt in 
the absence of methanol.   





Figure 2.8 Trends in oxygen reduction activity plotted as a function of both the O and OH 
binding energies (Norskov et al., 2004). 
 
2.2.2 Alloy Metal Catalysts 
 
2.2.2.1 Pt Alloy Catalysts 
 
The activity of Pt for ORR can be enhanced upon alloying. The effect of alloying is 
explainable in terms of changes in the Pt electronic structure (increase in Pt d-band 
vacancy) and geometric effect (Pt-Pt interatomic distance) (Gasteiger et al., 2005). 
Alloying causes a Pt lattice contraction, which could lead to a more favorable Pt-Pt 
distance for the dissociative adsorption of oxygen. Furthermore, the d-band vacancy is 
increased upon alloying, producing a weaker metal-O2 interaction and the weakening 
of the metal-OH bond. Table 2.1 summarizes the exchange current densities (equation 




7) of oxygen reduction on selected Pt alloys. All of them are higher than the 
corresponding value of pure Pt, indicating enhanced ORR activity. With respect to 
methanol tolerance, the Pt-alloy catalysts can be categorized into two groups: 
catalysts with lower activity for methanol oxidation reaction (MOR) than Pt, and 
catalysts with higher activity of methanol oxidation than Pt. 
 
0.059 0.059
0= log logn ni ia ah -                                    (7) 
Where h  is the overpotentials, a is the transfer coefficient, n is the electron transfer 
number, and 0i is the exchange current density. 
 
Table 2.1 Standard-state (T=300 K, 1 atm) exchange current densities for oxygen reduction 
reaction on various Pt alloys surfaces in PEMFC (Hayre et al., 2006). 
 








Note: current density values are normalized per real unit surface area of metals 
 
Catalysts with lower MOR activity than Pt: Decreasing the MOR can be achieved by 
reducing methanol adsorption. An effective method to reduce methanol adsorption is 
by means of the ensemble effect, using the alloying of catalytically active metals with 
catalytically inert metals to alter the distribution of the active sites (Markovic and 
Ross, 2002). For MOR to occur, three adjacent Pt sites are required whereas only two 
are needed for ORR (Gasteiger et al., 1993; Lamy et al., 2000). The dilution effect 




brought about by alloying therefore affects mostly MOR because of the more 
demanding site geometry requirement. Pt-Cr(Yang et al., 2004), Pt-Ni (Yang et al., 
2005), Pt-Co(Salgado et al., 2005), Pt-Fe(Scott et al., 2005), Pt-Cu (Lee et al., 2005), 
Pt-Bi2 (Xia et al., 2006) Pt-Fe and Pt-Cu (Stassi et al., 2006) belong to this class of 
alloy catalysts where methanol tolerance is derived by suppressing dissociative 
methanol adsorption. Commonly, these carbon-supported catalysts are prepared using 
low temperature methods to avoid undesirable metal particle growth which would 
otherwise occur if alloying is performed at high temperatures (>700oC) (Antolini, 
2003). 
 
Catalysts with higher MOR activity than Pt: An entirely different approach to 
preventing the loss of fuel cell performance by methanol crossover and to assure the 
long-term stability of fuel cell performance is to eliminate the problem of CO 
poisoning of Pt at the cathode. Drawing a clue from the theory of bifunctional 
catalysis, CO poisoning of Pt at the cathode can be averted if Pt is alloyed with a 
second metal which can remove the adsorbed CO species by an auxiliary reaction. 
Consequently Pt-Rh and Pt-Ru (Park et al., 2005) catalysts which are anode catalysts 
for DMFC, could also be deployed as cathode catalysts and showing performance 
higher than that of a Pt cathode catalyst. 
  
Generally, the higher ORR activity of Pt alloy catalysts in the presence of methanol is 
due to the combination of a higher intrinsic ORR activity and a higher methanol 
tolerance. As shown by Mukerjee et al. (Mukerjee et al., 1995), the ORR activity of 
Pt–M catalysts depends on the M content. The formation of a Pt–M alloy can give rise 
to two counteracting effects in MOR: a decrease of the MOR activity by the dilution 




effect, and an increase of the MOR activity due to the presence of M that reduces the 
Pt–CO bond strength substantially, thereby facilitating the oxidation of CO. The first 
effect prevails at high M contents, while the latter dominates at low M content. As a 
result, the dependence of the MOR activity on M content goes through a maximum 
(Park et al., 2005; Yang et al., 2005).  
 
However, conflicting results regarding the ORR and MOR activities of Pt–Fe (Shukla 
et al., 2004; Stassi et al., 2006) and Pt–Ni (Drillet et al., 2002; Yang et al., 2005) 
catalysts have been reported. The disagreement could have been caused by the 
different Pt:M compositions, different degrees of alloying, different Pt and M oxide 
contents, different surface compositions and different particle sizes of these catalysts. 
Indeed, all theses factors play an important role in both the MOR activity and the 
ORR activity. Hence different preparation methods leading to differences in alloying, 
particle size, morphology and surface area could result in substantial differences in 
the measured catalytic activity. 
 
The long–term stability of Pt-based catalysts is still a problem owing to Ostwald- 
ripening growth or base metal dissolution (Gasteiger et al., 2005; Srivastava et al., 
2007). In an operational DMFC, the consequence of base metal leaching from the Pt-
based catalyst could cause the following: (i) decrease in the membrane conductivity 
due to dehydration; (ii) increase in the resistance of the cathode layer due to a higher 
ionomer resistance; (iii) lower diffusion of oxygen in the ionomer in the catalyst layer; 
and (iv) degradation of the membrane in the presence of certain metals cations such as 
Fe and Ti. A combination of these factors will reduce the overall fuel cell 
performance and accelerate the degradation of the fuel cell. There are three possible 




causes for the leaching of base metal from a Pt-based catalysts: (i) excess base metal 
was deposited on the carbon support during preparation; (ii) incomplete alloying of 
the base element to Pt due to the use of low temperature for alloy formation; and (iii) 
even a well-alloyed base metal may leach out of the catalyst surface since base metals 
are unstable in acid electrolytes. 
 
2.2.2.2 Pd Alloy Catalysts 
 
Wang and Lee et al. predicted, based on thermodynamic considerations, that ORR 
would be enhanced by coupling a metal M (Co, Ni, Cr, V and others) with a low 
occupancy of the d-orbitals to Pd with fully occupied d-orbitals (Wang and Balbuena, 
2005; Lee et al., 2006). The enhancement arises from decreasing the Gibbs free 
energy of the electron transfer steps for oxygen reduction. Lee et al. also showed the 
filling of d band by alloying decreases  the density of states (DOS) at the Fermi level 
(Lee et al., 2006). The decreased DOS can inhibit the formation of Pd oxides on the 
surface of the electrocatalysts, contributing to the improved ORR activities of Pd 
alloys. Pd-Fe/C(Shao et al., 2006), Pd-Ti/C, Pd-Co-Au/C (Fernandez et al., 2005) and 
Pt-Co-Mo/C (Raghuveer et al., 2005) have been reported with equal or slightly better 
fuel cell performance than the more expensive Pt/C catalyst currently used for ORR in 








2.2.3 Metal Complexes 
  
Non-noble metal catalysts are most promising for a sustainable DMFC development 
(Zhang et al., 2006). Despite several challenges, such as low catalytic activity, poor 
stability, and our present lack of fundamental understanding of the catalytic 
mechanism, the non-noble metal catalysts are still appealing because of their 
methanol tolerance, globe abundance and low cost (Bezerra et al., 2007). It is believed 
that in the face of the strong drive for fuel cell commercialization, non-noble metal 
catalyst exploration and development will intensify. The following discussion will 
focus on the most common transition metal macrocyclic complexes and transition 
metal chalcogenides. 
 
2.2.3.1 Transition Metal Macrocyclic Complexes 
 
The catalytic activity of transition metal macrocyclic compounds in ORR depends 
strongly on the individual transition metal center and the macrocyclic ligand, as well 
as the size of the π electron system (Wang, 2005; Bezerra et al., 2008). Thus far the 
compounds studied include a variety of metal centers and ligands. The transition 
metals used in macrocyclic catalysts include Fe, Co, Ni, and Cu, and the macrocyclic 
ligands include chelating atoms N4, N2O2, N2S2, O4, and S4. The conjugated π 
electron compounds usually include metal phthalocyanines and porphyrins, as well as 
their derivatives, as shown Figure 2.9 (Zhang et al., 2006; Feng and Alonso-Vante, 
2008). The activity of these compounds changes with respect to the central metal ion 
in the following order: Fe>Co>Ni>Cu. For a metal center, the chelating atoms of the 




macrocyclic ring can also change the ORR activity. For example, the active sequence 
of Fe complexes is as follows: N4>N2O2>N2S2>O4≈S4; for Co centers: 
N2O2>N4>N2S2>O4≈S4; for Cu centers: N4>O4>N2O2>N2S1>S4; and for Ni centers: 
O4>N2O2>N2S2>N4. (Zhang et al., 2006) With respect to these active sequences, 
recent research has mainly focused on the Fe and Co centers, and for the macrocyclic 
rings, on the N4 system.  
 
 
Figure 2.9 Molecular structures of metal tetramethoxyphenylporphyrin (TMPP), 
tetraphenylporphyrin (TPP), phthalocyanine (Pc), and tetraazaannulene (TAA) (Feng and 
Alonso-Vante, 2008). 
 
2.2.3.2 Transition Metal Chalcogenides 
 
The catalytic activity of a chalcogenide towards ORR can reach a level of 30–40% of 
the Pt catalyst activity (Lee et al., 2007). Structurally the materials can be classified 
into two major grouping, the Chevrel phase-type compounds such as Mo4Ru2Se8, and 




amorphous phase compounds such as RuxSy (Lee and Popov, 2007). Chalcogenides 
can catalyze either 2-electron or 4-electron ORR, depending on the catalysts used. For 
example, MoxRuySe8, RuxMoySeO4, RuxSy(CO)n, RuxSey, catalyze the 4-electron 
transfer (Vante and Tributsch, 1986; Schmidt et al., 2000), whereas W-Co-Se 
catalyzes a 2-electron ORR (Lee et al., 2007). The origin of the ORR catalytic activity 
of a chalcogenide is strongly associated with their semiconducting property. It is 
believed that catalytic activity occurs through the interaction of oxygen with the 
transition metal d-states originating from the mixed metal cluster (Vante et al., 1987).  
 
2.3 Heterogeneous Electrocatalysts  
 
The activity and selectivity of catalysts could be improved by a rational design based 
on fundamental principals. Recently, near surface alloys (NSAs) where a solute metal 
is present near the surface of a host metal in concentrations different from the bulk, 
were used for catalysis with impressive results (Alayoglu et al., 2008; Norskov et al., 
2008). Theoretical computations and model catalyst have also been used to identify 
catalyst candidates with favorable NSA structures (Greeley and Mavrikakis, 2004; 
Greeley et al., 2006). A general approach to the synthesis of heterogeneous catalysts 
with the M1@M2 core-shell structure mimicking the NSAs is shown in Figure 2.10 
(Luo et al., 2008). In this approach, the presence of organic capping agent in each step 
is crucial to the control of particle size and the uniform distribution of M1@M2 
nanoparticles. However, the surfactant is generally difficult to remove afterwards and 
reduced the activity of the catalysts. The review in this section is limited to the 
discussion of some new preparation methods which do not have the aforementioned 




problems, such as ultrahigh-vacuum (UHV) technique, and the use of surface metal 
galvanic displacement reactions and surface metal depletion gliding reactions. 
 
 
Figure 2.10 A schematic illustration of the general approach to the synthesis of M1@M2 
nanoparticles (Luo et al., 2008). 
 
2.3.1 Ultrahigh-Vacuum (UHV) Technique 
 
The creation of a pseudomorphic metal layer on a different metal can be 
accomplished by the ultrahigh-vacuum (UHV) technique shown in Figure 2.11. In 
brief, a metal (such as platinum) and transition metal (such as Co or Ni) bulk alloy is 
prepared by conventional metallurgy in Ar. Then a UHV cleaning procedure 
consisting of repeating sputtering-annealing cycles with oxygen and Ar+ is applied 
until a carbon and oxygen free surface is obtained. To produce a different surface 
composition, a clean sample is either annealed at 1000k or mildly sputtered with a 0.5 
keV beam of Ar+ ions. Surface X-ray scattering (SXS) is then used to characterize the 
near-surface compositions. The Pt enrichment of the surface occurs as a result of a 
surface segregation phenomenon, whereby one of the alloy components enriches the 
surface region. 
 





Figure 2.11 A schematic illustration of the ultrahigh-vacuum (UHV) method and the 
concentration profile from surface X-ray scattering (SXS) measurements (Stamenkovic et al., 
2007). 
 
Trends in segregation energies and surface alloy formation: It is well known that the 
elemental chemical composition at the surface of an alloy may differ from the 
composition in the bulk. One of the alloy components is effectively enriched in the 
surface region. This enrichment can be caused, for example, by differences in surface 
segregation energies between the alloy components. Such compositional changes can 
have a dramatic effect on the reactivity of the surface. Ruban et al. (Ruban et al., 1996) 
have performed an extensive analysis of the electronic properties of pseudomorphic 
metal overlayers and of surface metal impurities. Using the Hammer-Nørskov 
reactivity model (Hammer and Norskov, 2000; Greeley et al., 2002; Kitchin et al., 
2004), they assumed that reactivity would follow trends in the d-band centers of the 
overlayer atoms.  





Figure  2.12  Surface segregation energies of transition metal overlayer (solutes) for close-packed 
surfaces of transition metal hosts(Ruban et al., 1999) 
 
Ruban et al. (Ruban et al., 1999) have created an extensive database of surface 
segregation energies for bimetallic systems (Figure 2.12). The database points to two 
important periodic trends in surface segregation energies. Firstly, a substantial portion 
of the surface segregation energy is determined by the difference in surface energies 
of the host and the overlayer. (Alden et al., 1994; Alden et al., 1994) This conclusion 
is reached by interpreting the surface segregation data with the theory of Friedel 
(Friedel, 1980) where cohesive energies of the transition metals are related to the d-
occupation numbers of the metals. Secondly, crystal structure differences between the 
host and the overlayer can have a significant effect on segregation energies. Such 




differences alter the local d-state character around the overlayer and can lead to 
changes in the surface segregation energy of up to 1 eV. These changes are 
particularly significant if either the host or the overlayer comes from the beginning of 
a transition metal series. 
 
Trends in ORR on Pt-bimetallic alloy surface: Stamenkovic et al. (Stamenkovic et al., 
2001; Stamenkovic et al., 2002; Stamenkovic et al., 2006; Stamenkovic et al., 2006; 
Stamenkovic et al., 2007; Stamenkovic et al., 2007) have studied the Pt3M (M=Ni, Co, 
Fe, V, Ti) alloy system in detail and established the trend in ORR electrocatalysis 
with surface composition and  surface electronic structures (Figure 2.13). The overall 
conclusion was that for the design of a better ORR catalyst than Pt, the catalysts 
should balance two opposing effects: a relatively strong adsorption of O2 and ORR 
reaction intermediates (O−2, 22O
- , H2O2 and so on) and a relatively low coverage by 
spectator oxygenated species and specifically adsorbed anions. Therefore, for metal 
surfaces that bind oxygen/oxides/anions too strongly, for example, Pt, the d-band 
centre is too close to the Fermi level and the rate of the ORR is limited by the 
availability of OHad/anion-free Pt sites. On the other hand, when the d-band centre is 
relatively far from the Fermi level, as in the case of Pt3V and Pt3Ti, the surface is less 
covered by OHad and anions, but the adsorption energies of O2 and the intermediates 
are too low to enable a high turnover rate of the ORR. The resulting volcano, 
therefore, can be rationalized by the application of the Sabatier principle: for catalysts 
that bind oxygen too strongly, the rate is limited by the rate of removing surface 
oxides and anions, for catalysts that bind oxygen too weakly, the rate is limited by the 
rate of electron and proton transfer to the adsorbed O2. 






Figure 2.13 Relationship between experimentally measured specific activities for ORR on Pt3M 
surface at 60oC versus the d band center position for the Pt-skin(Stamenkovic et al., 2007). 
 
2.3.2 Surface Metal Galvanic Displacement Reaction 
 
The formation of core shell nanoparticles with a Pt shell by the method of surface 
metal galvanic displacement reaction is illustrated in Figure 2.14. Firstly, core shell 
Co@Au or Ni@Pd is formed from a Co-Au or Ni-Pd bulk alloy by the strong surface 
segregation of the noble metal by ultrahigh-vacuum techniques. Under potential 
deposition (UPD) is then used to deposit a monolayer of Cu on the Au or Pd enriched 
base metal surfaces. The Cu monolayer is subsequently galvanically displaced by 
exposing the nanoparticle pasted electrode to a K2PtCl4 solution (Adzic et al., 2007; 
Nilekar et al., 2007). The method claims a number of advantages such as high metal 
(Pt) utilization, enhanced catalyst activity and stability, and direct activity correlations. 
Firstly, high metal utilization is made possible since all Pt atoms are localized on the 




surface and hence can be completely utilized. Secondly, Activity can be enhanced (or 
decreased) using substrate-induced tensile or compressive strains in combination with 
the ligand effect from the electronic coupling between the overlayer and the 
supporting substrate. Thirdly, decreased oxidation of the Pt monolayer due to 
interaction with the substrate could enhance the catalyst stability. Finally, confining 
the Pt atoms to monolayer coverage enables the most direct correlation between 
catalytic activity and catalyst physical properties because all Pt atoms involved in the 
reaction are sampled by the measuring technique. On the contrary in conventional 
bulk alloy catalysts, the measured catalytic activity is correlated with mostly bulk Pt 
alloy atoms (75% for 5 nm particles) that do not interact with the reactants. 
 
 
Figure 2.14 Schematic illustration of the surface metal galvanic displacement method for 
synthesizing Pt monolayer on core shell nanoparticles (Zhang et al., 2005). 
 
Oxygen reduction reaction on monolayers on single crystal surfaces: Monolayer 
electrocatalysts where a monolayer of a metal is deposited on a different single crystal, 
e.g. by means of the  surface metal galvanic displacement reaction, can have 
significantly different reactivity compared with pure metals (Kibler et al., 2005; 
Zhang et al., 2005). As shown in Figure 2.15, it is worth noting that Pd(111)@PtML is 




more active than Pt(111), the most active electrocatalyst for ORR in HClO4 solution 
known to date.  
 
 
Figure 2.15 Polarization curves of oxygen reduction on Pt monolayers supported on Ru(0001), 
Ir(111), Rh(111), Au(111), and Pd(111) in 0.1 M HClO4 solution. Rotation rate: 1600 rpm, sweep 
rate: 20 mV s-1 (50 mV s-1 for Pt(111)) (Zhang et al., 2005). 
 
The reactivity of the surface of Pt bimetal has been well described using the d band 
center model. The lattice mismatch between the Pt and the host metals (Au(111), 
Pd(111), Ir(111), Rh(111), and Ru(0001) single crystal surfaces) induces either 
compressive or tensile strain in the Pt monolayer. The exact position of the d band 
center of the Pt monolayer depends both on the amount of strain and on the electronic 
coupling between the Pt monolayer and the substrate. Specifically, Pt monolayer is 
compressed on Ir(111), Ru(0001) and Rh(111), whereas it is stretched by almost 4% 
on Au(111), compared to an Pt(111) surface. Fig. 2.16 shows the linear relationship 
between the calculated binding energy of oxygen (BEO) and d band center. With 




respect to Pt(111), BEo is lower on Ir(111)@ PtML, Ru(0001)@PtML and 
Rh(111)@PtML and higher on Au(111)@ PtML. Pd(111)@ PtML has about the same  
BEo as Pt(111) (a difference within 0.1 eV) since the Pt monolayer on Pd(111) is only 
mildly compressed because of the similarity of the lattice constants of Pt and Pd. 
 
It is generally accepted that the common ORR process, i.e. the series 4 electron 
pathway, must involve both the breaking of an O–O bond and the formation of O–H 
bonds (Kinoshita, 1992; Markovic and Ross, 2002; Stamenkovic et al., 2007) Pure Pt 
should have an intermediate BEO since the optimum ORR catalyst needs to facilitate 
both bond-breaking and bond-making steps without hindering one or the other. The 
Au(111) @PtML surface, which binds atomic O the strongest, should facilitate the 
bond-breaking step in O–O containing species the most at the cost of slowing down 
bond-making steps, including the formation of OH, OOH, H2O, and H2O2. Slow O 
and OH hydrogenation would cause the surface coverage of these species to build up, 
further impeding the adsorption of the main reactant, O2. Ru(0001)@PtML, Ir(111)@ 
PtML and Rh(111)@ PtML are at the other end of the BEo spectrum, binding O more 
weakly than Pt, and hence should facilitate bond making steps, including the 
formation of H2O2. The volcano-type dependence of ORR activity on the d band 
center, as seen in Fig. 2.16, confirms these predictions.  
 





Figure  2.16 Kinetic current density (blue squares) at 0.8 V for O2 reduction on Pt monolayers 
deposited on various metal single crystal surfaces in a 0.1 M HClO4 solution, and calculated 
binding energies (red circles) of atomic oxygen (BEo), as a function of the calculated d-band 
centers of the respective surfaces. Labels: 1. Ru(0001)@ PtML(PtML/Ru(0001)), 2. Ir(111)@ 
PtML(PtML/Ir(111)), 3. Rh(111)@ PtML (PtML/Rh(111)), 4. Au(111)@ PtML(PtML/ Au(111)), 5. 
Pt(111), 6. Pd(111)@ PtML (PtML/Pd(111))(Zhang et al., 2005). 
 
Pt monolayers or mixed-metal platinum monlayers on carbon supported 
nanoparticles: The Adzic group reported three types of monolayer electrocatalysts for 
ORR (Adzic et al., 2007; Nilekar et al., 2007) which are (1) Pt on carbon- supported 
Pd nanoparticle, (2) Pt monolayer on core shell nanoparticles, and (3) mixed metal Pt 
monolayer on Pd nanoparticles. 
 
From single crystal studies, Pd has established itself as the best substrate material for 
Pt monolayers. Hence the behavior of Pd nanoparticles coated with Pt was 
investigated. It was found that the ORR kinetic current on Pd@PtML/C normalized by 
the mass of metal is much higher than that of Pd/C, and most importantly, higher than 
that of Pt/C (about 2 times on PtPd basis, and about eight times on the Pt basis) 




(Zhang et al., 2004). In order to further reduce the noble metal usage in ORR 
electrocatalysts, non-noble metals have been used as the cores. For example, the 
activity of PdFe@Pt/C is about 5 times than that of Pt/C at 0.8 V  (Zhang et al., 2005; 
Zhang et al., 2005; Zhang et al., 2005). The same authors have also studied 
Pd@M0.2Pt0.8/C (M=Au, Pd, Rh, Ir, Os, Re) and found that the mixed Re-Pt 
monolayer has highest activity (Zhang et al., 2005). The Pt mass activity of the 
Pd@RePt catalyst is 20 times greater than that of Pt/C. The mass activity of the 
Pd@RePt catalyst on total noble metal basis is also 4 to 4.5 folds higher than the Pt/C. 
The authors attributed the enhancement to the decrease in Pt-OH coverage because of 
the repulsion between Re-O and Pt-OH on the RePt monolayer. 
 
Stabilization of Pt ORR electrocatalysts using Au clusters-metal (Pt) support 
interaction: One of the major problems with fuel cells is the instability of Pt/C for the 
ORR. There have been reports on the loss of Pt surface area due to Pt dissolution. By 
modifying the Pt nanoparticles with Au clusters, the Pt catalyst can be stabilized. 
Contrary to the Oswald growth of pure Pt under potential cycling conditions, there are 
insignificant changes in the activity and surface area of the Au-modified Pt catalysts 
(Zhang et al., 2007). 
 
For the elucidation of the origin of the observed stabilization effect of Au clusters, the 
Adzic group measured the oxidation state of Pt as a function of potential for the 
Au/Pt/C and Pt/C surfaces by in situ X-ray absorption near edge structure(XANES). 
Strong evidence for the delayed oxidation of Pt nanoparticles covered with Au was 
obtained, in comparison with the oxidation of Pt nanoparticles without Au on them. 
Roudgar and coworkers used DFT calculations to demonstrate a significant coupling 




of d-orbitals of small Pd clusters to the Au(111) substrate (Roudgar and Gross, 2004). 
Similarly, an equivalent type of interaction between Au and Pt could account for the 
observed stabilization of Pt, which can become ‘‘more noble’’ through its interactions 
with Au. Since clusters of the softer metal, Au, are placed on the surface of a 
considerably harder metal, Pt, there is practically no mixing between them. The 
surface alloying of Au with Pt, although unlikely, also would modify the Pt electronic 
structure toward a lower Pt surface energy, or lower Pt d-band states (Zhang et al., 
2007). These findings hold promise for resolving the problem of Pt dissolution under 
potential cycling regimes that is critical for the application of fuel cells in electric 
vehicles. 
 
2.3.3 Surface Metal Depletion Gliding Reaction 
 
 
Figure 2.17 A schematic illustration of the surface metal depletion gliding method, where Red is 
Cu atom, blue is Cu 2+, green is Pt atom (Mani et al., 2008). 
 
A schematic illustration of the surface metal depletion gliding reaction method is 
given in Figure 2.17 for the PtCu/C system (Mani et al., 2008; Strasser et al., 2008). 
In the first step, a Cu precursor solution is added to a weighted amount of commercial 
Pt/C electrocatalyst. The sample is frozen in liquid nitrogen and then annealed in a 
flowing H2/N2 mixture to form PtCu bulk alloy. Chemical or electrochemical 
dealloying is then used to selectivity dissolve the Cu atoms from the surface of PtCu 




bimetallic compound until a multilayer Pt-rich shell is formed. For chemical 
dealloying, the PtCu powder is treated with 1M H2SO4 at 80 oC for 36 hours and 
washed several times with deionized water. For electrochemical dealloying, the 
precursor is prepared into a paste which is then applied as the cathode layer of a 
membrane electrode assembly (MEA). The cathode potential is then cycled 200 times 
at 100 mV/s between 0.5-1.0 V in de-oxygenated condition at 80 oC, 100% relative 
humidity (RH) to electrochemically dealloy the cathode catalyst. This method does 
not involve any liquid-phase reduction, precipitation, filtration, or other steps, so 
incomplete reaction or materials transfer are avoided. As a result, it yields very 
controlled metal stoichiometry for the final catalyst. 
 
Alloy uniformity and phase structure. In the process of forming a PtCu alloy, the pre-
existing Pt metal particles serve as the centers for alloy formation; their high 
dispersion keeps the resulting alloy particles more highly dispersed than those 
prepared by the co-impregnation technique. During annealing, the metal ions are 
reduced to the metallic state and diffuse into the preexisting Pt metal particle lattices, 
gradually forming uniform alloy lattices. As Strasser, et al. have suggested (Mani et 
al., 2008; Strasser et al., 2008), the annealing temperature is the very important. Low 
temperature annealing results in small, yet incompletely alloyed particles. Annealing 
at higher temperatures results in a more uniform alloy but larger particles. 
 
Activity of electrochemically dealloyed nanoparticles: The Pt-mass activities of all 
dealloyed base metal-rich catalysts (Pt-Cu, Pt-Cu-Co) are four to five times higher 
than that of Pt.  The electrochemical surface areas of the alloy catalysts show that the 
dealloying process results in an almost two fold increase in the active particle surface 




area compared with standard Pt/C. The electrochemical stability of dealloyed catalysts 
was evaluated by voltage cycling between 0.5 and 1 V. There was about 15% loss of 
initial electrochemical surface area after 10000 cycles and 35% after 30000 cycles 
between 0.5 to 1 V for Pt-Cu-Co, which was due to the Ostwald-ripening of metal 
nanoparticles (Ferreira et al., 2005; Srivastava et al., 2007). 
  






CARBON-SUPPORTED CORE SHELL Pd@Pt 





To recap, the development of DMFCs after close to two decades of research efforts 
still faces a number of challenges: the low activities of the anode and cathode 
catalysts for room temperature MOR and ORR respectively, and the crossover of 
methanol from the anode to the cathode through the PEM. The crossover problem can 
lead to a significant reduction of the fuel cell efficiency because the platinum catalyst 
at the cathode is not selective to ORR - it is also catalytically active for the MOR 
(Vielstick, Gasteiger et al. 2003).  Highly ORR selective electrocatalysts such as 
transition metal macrocyclic complexes (Yuasa, Yamaguchi et al. 2005), transition 
metal sulfides and selenides (Reeve, Christensen et al. 2000; Schmidt, Paulus et al. 
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2000), have been considered as Pt-free alternatives but their low chemical stability in 
the acidic environment of PEM fuel cells and their low intrinsic ORR activities in the 
absence of methanol are known deficiencies. Hence the interest to develop methanol-
tolerant cathode catalysts with ORR activities comparable to that of Pt has not waned 
over the years.  
 
It has been reported that a Pd-Pt heterostructure could outperform a homogeneous 
solid solution of the two metals (Calvo and Balbuena 2007; Li, Sun et al. 2007). A 
more versatile and practicable approach to form the Pd-Pt heterostructure is by means 
of a core-shell construction.  In this chapter, a simple procedure was used to produce 
Pd-rich core shell Pd@Pt nanoparticles on carbon by the galvanic replacement 
reaction route at elevated temperatures (Sun et al., 2003; Zhao, Rice et al. 2004), 
where the particle size could be varied by the size of the Pd seeds, and the surface 
composition by the amount of the Pt precursor used. Since no extraneous reducing 
agent was involved, the deposition of Pt occurred exclusively on the Pd cores and no 
monometallic Pt nanoparticles were formed as a byproduct. We adhered to Pd-rich 
formulations in order to reduce the catalyst cost. The ORR activities and methanol 
tolerance of the core shell Pd@Pt/C electrocatalysts were measured and benchmarked 
against a commercial Pt/C DMFC cathode catalyst under the same experimental 
conditions.  
 
3.2 Experimental Section 
 





Potassium tetrachloroplatinate (K2PtCl4) and 5 wt% Nafion solution in an alcohol-
water mixture were purchased from Aldrich-Sigma. 70-72% perchoric acid (HClO4) 
was from Merck. Methanol was supplied by Fisher Scientific. Commercial carbon-
supported platinum and palladium catalysts with 20 wt% metal loading from E-TEK 
were used for benchmarking the catalyst performance. A JEOL JEM2010 field 
emission transmission electron microscope was used to obtain transmission electron 
microscopy (TEM) and high resolution TEM (HRTEM) images of the nanoparticles. 
The catalyst elemental compositions were determined in-situ of a JEOL MP5600LV 
scanning electron microscope (SEM) with an energy dispersive X-ray (EDX) 
attachment, and ex-situ by inductively coupled plasma spectroscopy (ICP). Powder x-
ray diffraction (XRD) patterns were recorded on a Rigaku D/Max-3B diffractometer, 
using Cu Kα radiation (λ=1.54056 Å). X-ray photoelectron spectra (XPS) were 
obtained from an ESCALAB MKII spectrometer (VG Scientific) using Al-Kα 
radiation (1486.71 eV).  
 
3.2.1 Preparation of Pd@Pt Electrocatalysts  
 
40 mg Pd/C (20 wt%) was suspended in 50 ml deionized water and refluxed at 100 oC 
under argon. 0.11, 0.15, 0.225, 0.30, and 0.75 ml 0.1 M K2PtCl4  aqueous solutions 
were first diluted to 20 ml, and then added dropwise to the Pd/C suspension, and left 
to react for 5 hours. The solid products at the end of the reactions were recovered by 
centrifugation, and dried in a vacuum oven at 60 oC overnight. The samples prepared 
with 0.15, 0.225 and 0.30 ml of Pt precursor solutions are labeled as Pd@Pt/C(80:20), 





Pd@Pt/C(70:30), and Pd@Pt/C(60:40) respectively, based on the overall Pd:Pt atomic 
ratios of the metals in the catalysts.  
 
3.2.2 Electrochemical Measurement 
 
Electrochemical measurements were carried out in a standard three-electrode cell. A 
thin layer of Nafion-impregnated catalyst cast on a vitreous carbon disk was used as 
the working electrode. The preparation of the catalyst ink followed a typical  
procedure in the literature (Gasteiger, Kocha et al. 2005): 10 mg catalyst was 
ultrasonically dispersed in 10ml of aqueous solution containing 4 ml iso-propanol and 
0.1 ml of the 5 wt% Nafion solution. A calculated volume of the ink was dispensed 
onto the 5 mm glassy carbon disk electrode to produce a nominal catalyst loading of 
20.4 of µg(total metals) per cm2. The carbon electrode was then dried in a stream of 
warm air at 70 oC for 1 hour. A Pt gauze and an Ag/AgCl (saturated KCl) electrode 
were used as the counter electrode and the reference electrode respectively. All 
potentials were referred to the reversible hydrogen electrode (RHE) and current 
densities were normalized by the geometric area of the 5mm diameter electrode. ORR 
activities were evaluated in 0.1 M HClO4 electrolyte. A rotating disk electrode was 
used to maintain laminar flow of the solution near the electrode. Test of methanol 
tolerance was carried out with 0.1 M methanol solution in 0.1 M HClO4, a typical 
composition used in similar studies to represent the highest possible methanol content 
at the cathode under most DMFC operating conditions (Kin, Shieh et al. 2006). 
Negative-going linear sweep voltammograms were recorded from 1.0 to 0.2 V at 20 
mV/s at room temperature (20±0.5 oC) in the presence of bubbling ultra-pure oxygen 





to maintain a saturated oxygen atmosphere near the working electrode. Cyclic sweep 
voltammograms were recorded between 0 and 1.2 V at 20 mV/s at room temperature 
in argon-purged 0.1 M HClO4 for the measurements of electrochemically active 
surface areas.  
 
3.3 Results and Discussion 






Figure  3.1 TEM images of Pd/C (a); and Pd@Pt/C (70:30)  (b); HRTEM image of a particle of 
Pd@Pt/C (70:30) (c). 





Figure 3.1a is the TEM image of the Pd/C catalyst, showing an average Pd diameter 
of 4.8 nm. The TEM image of Pd@Pt/C (70:30)  (Figure 3.1b) is used as an example 
to show the size similarity of the bimetallic nanoparticles with the Pd/C seeds. This 
was a consequence of the stoichiometry of the replacement reaction which exchanges 
a Pt atom with a Pd atom（equation 1）, and the size similarity of Pd and Pt atoms. 
The lattice fringes with a spacing of 0.225 nm in the HRTEM image of an isolated 
Pd@Pt/C (70:30) nanoparticle (Figure 3.1c agree well with the (111) planes of Pd. 
However, Pd and Pt are indistinguishable from each other in the HRTEM image 
because of their closely matched lattice constants (0.39231 nm for Pt, and 0.38898 nm 
for Pd). 
 
  2- 2-4 4PtCl +Pd Pt+PdCl    (1) 
 
The results from the EDX analysis of Pd@Pt/C (70:30)  are shown in Figure 3.2. The 
measurement of a fractional value (0.29) for the Pt ratio in the metals validates the 
formation of bimetallic nanoparticles. The inset shows that the Pt/(Pd+Pt) ratios 
measured by EDX and ICP are in good agreement. The ratio agrees well with the 
value calculated from the solution composition when it is below 0.3, and levels off to 
~0.32 when the Pt/(Pd+Pt) ratio in the solution exceeds 0.4. This is an indication of 
the end of the galvanic replacement reaction, after a Pt monolayer was formed over 
the Pd core. 






Figure 3.2 EDX spectrum of Pd@Pt/C (70:30) Inset shows the relation between the Pt/(Pd+Pt) 
ratio in the bimetallic catalysts and the calculated Pt/(Pd+Pt) ratio in catalysts from the solution 
of metallic precursors. 
 
Based on Benfield’s calculation (equation 2) of a cuboctahedron particle,(Benfield 
1992) the ratio of surface atoms (simulating Pt monolayer coverage on size-
comparable Pd atoms) to the total number of atoms in the particles is about 31.2% for 
an average particle size of 4.8 nm. If the loss of surface area (12.5%) due to particles 
in contact with the carbon support is taken into account, the percentage of available 
surface atoms is reduced to about 27.3%. When this value is compared to the 
measured Pt ratio of 0.296, it may be concluded that some Pt atoms had either 
diffused into the Pd core area or formed multi-layers on the Pd surface. This is not 
unexpected in view of the closely matched lattice constants of Pd and Pt. This 
interdiffusion between the atoms of the core and shell metals of a core-shell 
construction has been observed by many groups (Jiang, Ruckman et al. 1989; Koel, 
Sellidj et al. 1992; Shibata, Bunker et al. 2002; Ouyang, Tan et al. 2006).   
 













=                        (2) 
where m, the shell number of the surface layer, is equal to 9 for the 4.8 nm Pd 
particles. 
 
Figure 3.3  XRD patterns of Pd/C, Pt/C and Pd@Pt/C(70:30). The inset shows enlargement of the 
(220) peaks. 
 
The XRD diffraction patterns of Pd/C, Pt/C and Pd@Pt/C(70:30) are shown in Figure 
3.3. Face-centered cubic (fcc) Pd characterized by peaks at 40.1o (111), 46.7o (200), 
and 68.1o (220); and fcc platinum characterized by peaks at 39.8o (111), 46.3o (200), 
and 67.5o (220) are found for monometallic Pd and Pt respectively. The inset in  
Figure 3.3 shows the expanded view of the (220) diffraction, which was used to 
calculate the particle size by the Debye-Scherrer equation (Radmilovic, Gasteiger et al. 
1995). The particle size determined as such is 4.8 nm for Pd/C, 2.9 nm for Pt/C and 





4.8 nm for Pd@Pt/C(70:30); giving rise to specific surface areas of 103 m2/g, 99.7 
m2/g, and 84.5 m2/g respectively. The (220) diffraction of Pd@Pt/C(70:30) at 67.9o is 
shifted slightly negatively relative to Pd/C (68.1o), suggesting that some Pd atoms in 
the core had been displaced by the larger Pt atoms, leading to an expansion in the 
lattice constant (0.390 nm for Pd@Pt/C(70:30) and 0.389 nm for Pd/C ).  
 
 
Figure  3.4 Pt 4f XPS spectra of Pt/C (a); and Pd@Pt/C(70:30) (b). 
 
 





Table 3.1 Binding energies, chemical states, and relative intensity of various chemical states of 
Pt/C and Pd@Pt/C(70:30)  
 
Catalyst Binding energy of Pt 4f 7/2 (eV) 
Binding energy 





Pt/C 71.0 74.4 Pt(0) 77.8 
 72.6 75.5 Pt oxide 22.2 
Pd@Pt/C(70:30) 70.6 74.0 Pt(0) 85.3 
 72.4 75.3 Pt oxide 14.7 
 
Samples of Pt/C and Pd@Pt/C(70:30) were analyzed by XPS. Figure 3.4a shows the 
Pt 4f region of the Pt/C spectrum, which could be deconvoluted into two pairs of 
doublets. The most intense doublet (at 71.0 eV and 74.4 eV) is characteristic of 
metallic Pt. The second and weaker doublet (at 72.6 eV and 75.5 eV) could be 
assigned to Pt in oxidized forms such as PtO and Pt(OH)2 (Liu, Lee et al. 2006). 
Similarly the Pt 4f region of the Pd@Pt/C(70:30) spectrum in Figure 3.4b could be 
deconvoluted into a doublet at 70.6 eV and 74.0 eV assignable to Pt (0), and a doublet 
at 72.4 eV and 75.3 eV due to Pt oxide. The amounts of Pt (0) and Pt oxide as 
measured by the relative ratios of area-integrated intensities are given in Table 3.1. 
The zero valent metallic state of Pt features prominently in Pd@Pt/C(70:30), at 85.3% 
relative to 77.8% in Pt/C. It is worth noting that Pt (2.28) has a slightly higher 
electronegativity than Pd (2.20), and hence Pt could in principle withdraw electrons 
from the neighboring Pd atoms in the core shell structured Pd@Pt/C(70:30). This 
would produce the observed small negative shifts in the Pt 4f signals relative to Pt/C 
(Figure 3.4), and more Pt(0) being formed by the oxide-cleansing action (Table 3.1) 
(Arico, Shukla et al. 2001). In addition, the Pt binding energy shift could also be 
caused by the strain effect of Pd (substrate) on Pt (adatoms). 
 





3.3.2 Electrochemical Studies 
 
Figure  3.5 Cyclic voltammograms of Pd/C, Pt/C, and Pd@Pt/C(70:30) in argon-purged 0.1 M 
HClO4. Sweep rate 20 mV s-1; room temperature. 
 
Figure 3.5 shows the cyclic voltammograms of Pd/C, Pt/C and Pd@Pt/C(70:30) in 
argon-purged 0.1 M HClO4 at room temperature. There are three distinct potential 
regions in the voltammgrams: the hydrogen adsorption/desorption region (from 0 to 
0.30 V vs RHE), the double layer region (from 0.30 to 0.60 V), and the surface oxide 
(OHads) formation/stripping region (>0.60 V ) (Stamenkovic, Schmidt et al. 2002). 
The specific electrochemical surface areas calculated from the hydrogen 
adsorption/desorption region are: 51 m2/g for Pd/C, 61 m2/g for Pt/C and 65 m2/g for 
Pd@Pt/C(70:30). The hydrogen adsorption/desorption region of  core shell 
Pd@Pt/C(70:30) features a large and relatively broad peak which, while noticeably 
different from that of monometallic Pt/C and Pd/C, still follows mostly the contour of 





hydrogen adsorption/desorption on Pt/C. The broadening could be caused by changes 
in the adsorption site geometry when the monolayer shell of Pt on Pd tried to adapt to 
the underlying Pd lattice. In the cathodic scan, the oxide (OHads) stripping peak (750 
mV) of Pd@Pt/C(70:30) is also closer to that of Pt/C (730 mV), again confirming that 
the particle surface is enriched with Pt. The slight positive shift (by 20 mV) in the 
oxide stripping peak on Pd@Pt/C(70:30) suggests weaker binding of the OHads-
species on the Pt surface in this case (Gasteiger, Kocha et al. 2005). 
 
Figure 3.6a shows the ORR polarization curves for Pd/C, Pt/C and various Pd@Pt/C 
catalysts in oxygen-saturated 0.1 M HClO4 at room temperature; in the potential range 
of 1.0 to 0.2 V. For monometallic Pd/C and Pt/C catalysts, the half-wave potentials 
are 0.752 V and 0.805V respectively. It is interesting to note that the half-wave 
potential for Pd@Pt/C(70:30) of 0.817 V is 65 mV more positive than that of Pd/C 
and 12 mV more positive than that of Pt/C. The Pt shell in the core shell 
Pd@Pt/C(70:30) catalyst was therefore more active than bulk Pt in ORR. The inset in 
Figure 3.6a shows the relationship between the half-wave potential and the Pt ratio in 
the core shell Pd@Pt/C particles.  








Figure 3.6 Linear voltammograms of Pd/C, Pt/C, and various Pd@Pt/C catalysts in oxygen-
saturated 0.1 M HClO4 showing the negative-going scans. Sweep rate: 20 mV s-1; room 
temperature; 1600 rpm (a); The inset shows the relation between the half-wave potential and the 
Pt/(Pt+Pd) ratio; specific activity at 0.9 V for various catalysts. The left panel shows 
normalization by the total metals, the right panel shows normalization by Pt-only (b). 
 





The general increase in the half-wave potential relative to Pd is easily understood as 
Pt is a more active ORR metal. More interestingly is the observation of enhanced 
ORR activity of Pt which begins at a Pt/(Pd+Pt) ratio of 0.20 and reaches a maximum 
value at ~0.30, corresponding to the formation of a monolayer coverage of Pt on Pd. 
The enhancement effect is lower after this value, when Pt begins to form multi-layers 
on the surface or diffuses into the Pd core. The specific activity at 0.9 V are used to 
compare the performance of the various catalysts (Figure 3.6b). Regardless of 
whether total metal (Pd+Pt) or Pt is used as the basis of normalization, the 
Pd@Pt/C(70:30) catalyst always shows the highest specific activities (1.22 times and 
2.8 times relative to Pt/C respectively). This is clear indication of the more efficient 
use of the catalytic noble metals in the core-shell construction. When currents are 
normalized by the electrochemically active surface areas, the Pd@Pt/C(70:30) still 
comes out on top (2.45 A/m2 compared to 2.16 A/m2 for Pt/C). This corroborates the 
presence of more active ORR sites on Pd@Pt/C(70:30), and that the Pt monolayer on 
Pd is different from normal Pt. 
 
It is known that OHads is an intermediate of the ORR and its strong adsorption on the 
catalyst surface has negative impact on the performance of Pt-based catalysts 
(Kinoshita 1992; Markovic, Gasteiger et al. 1997; Gasteiger, Kocha et al. 2005; 
Zhang, Vukmirovic et al. 2005; Hernandez-Fernandez, Rojas et al. 2007). The low 
OHads binding strength on Pd@Pt/C(70:30) implicated in Figure 3.5 is definitely a 
contributing factor to the enhanced ORR activity of this catalyst (Figure 3.6). The 
weaker OHads binding could be attributed to the interaction between Pt and Pd 
resulting in favorable electronic and stress effects (Norskov, Rossmeisl et al. 2004; 





Greeley and Norskov 2005; Karlberg 2006; Bligaard and Norskov 2007; Calvo and 
Balbuena 2007). The XPS data provided the evidence for the electronic effects 
originating from Pt atoms withdrawing electrons from the neighboring Pd atoms in 
Pd@Pt/C(70:30). The more complete filling of the Pt 5d band of Pt would repel OHads. 
The facilitated removal of OHads therefore benefited the ORR kinetics. On the other 
hand, when Pt with its larger lattice constant (0.39231 nm) was deposited directly on 
Pd with a smaller lattice constant (0.38898 nm), the 0.9% lattice mismatch between Pt 
and Pd could result in strain in the Pt surface layer, which shifted the d-band center 
downwards, leading to weaker interaction with the adsorbed species and hence a 
weaker chemisorptive bond (Greeley and Norskov 2005; Zhou, Lewera et al. 2006; 
Bligaard and Norskov 2007).  
 
Figure  3.7 Levich (i-1 vs f-0.5) plots for Pd@Pt/C(70:30) at different potentials. 
 





A classical Koutecký-Levìch plot for the Pd@Pt/C(70:30) catalyst is given in Figure 
3.7. The plot is presented as 1i-  vs. 2/1-f  where the relationship between ω (angular 
frequency of rotation) and f (frequency in rpm) is ω=2π f /60. The number of electrons 
transferred in the first order reduction reaction (Stamenkovic, Schmidt et al. 2002). n, 
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Where i is current, ik is kinetic current,  D is the diffusion coefficient of molecular 
oxygen in 0.1 M  HClO4 ( 125109.1 --´ scm ), υ is the kinematical viscosity 
( 1231093.8 --´ scm ),
2O
c is the concentration of dissolved molecular oxygen 
( 361018.1 --´ molcm ), and A is the geometric area of the glassy carbon electrode 
(0.1963 cm2).  All of the Koutecký-Levìch plots yielded straight lines (Figure 3.7), 
from which n was calculated to be 4.01. This indicates that oxygen reduction on 
Pd@Pt/C(70:30) catalysts occurred by the same 4-electron reaction pathway as that 
on Pt  (Stamenkovic, Schmidt et al. 2002). 
 
The MOR activities of the catalysts were evaluated next. Figure 3.8 shows the cyclic 
voltammograms of methanol oxidization on Pd/C, Pt/C and Pd@Pt/C(70:30) in 
argon- purged 0.1 M HClO4 containing 0.1 M CH3OH, in the potential range 0 to 1.2 
V. Since Pd is not a good catalyst for MOR, the voltammogram of MOR on Pd/C is 
relatively featureless. In the positive-going scan, the peak current density for MOR on 
Pd@Pt/C(70:30) occurs at 0.76 V, constituting a negative shift with respect to MOR 





on Pt/C (0.80 V). This could be attributed to the generally weaker binding of adsorbed 
species on the Pd@Pt/C(70:30) surface, which facilitated the oxidative removal of 
CO-like intermediates. The peak current density of methanol oxidization on Pt/C is 
6.20 mA/cm2 for the positive-going scan and 6.05 mA/cm2 for the negative-going 
scan. The corresponding values for Pd@Pt/C(70:30) are 2.80 mA/cm2 and 1.52 
mA/cm2 respectively. The low MOR peak current density on Pd@Pt/C(70:30) could 
again be attributed to the low chemisorptive strengths of adsorbed species on the 
catalyst surface, and methanol in this case. Judging from the combined results of 
MOR peak current density and peak position, it may be concluded that 
Pd@Pt/C(70:30) should have more MOR tolerance relative to Pt/C.  
 
Figure  3.8 Cyclic voltammograms of Pd/C, Pt/C and Pd@Pt/C(70:30) in argon-purged 0.1 M 
HClO4 with 0.1 M methanol. Sweep rate: 20 mV s-1; room temperature. 
 





Figure 3.9 shows the polarization curves of ORR on Pd/C, Pt/C and Pd@Pt/C(70:30) 
in 0.1 M HClO4 with 0.1 M CH3OH at room temperature in the potential range of 1.0 
to 0.2 V, which may be used to compare the methanol tolerance of the three catalysts. 
No peak appeared in the case of Pd/C because of its inactivity in MOR. The 
polarization curves of Pd@Pt/C(70:30) display a “valley” at ~0.71 V (with respect to 
the zero current axis) corresponding to approximately the peak in MOR. The activities 
of Pd@Pt/C(70:30) were higher than that of Pt/C in the entire high potential 
region(>0.71 V), attesting to its being a more methanol tolerant ORR catalyst than Pt. 
Pd@Pt/C(70:30) also outperformed Pd/C in the high potential region (>0.8 V), and is  
therefore a more effective ORR catalyst overall for DMFC applications.  
 
Figure 3.9 Linear voltammograms of Pd/C, Pt/C, and Pd@Pt/C(70:30) in oxygen-saturated 0.1 M 
HClO4 with 0.1 M CH3OH. Only the negative-going scans are shown here. Sweep rate: 20 mVs-1; 
room temperature; 1600 rpm. 
 





We have therefore provided the experimental evidence for enhancing the ORR 
activity of Pt in the presence of methanol through a core shell Pd@Pt construction. 
However, it is recognized that the present design of core shell Pd@Pt may not be 
optimal. For instance the design may be improved by using an alloy shell on the Pd 
core to further reduce the use of Pt in the catalyst and to improve the MOR tolerance 




This study investigated the use of Pd-rich core shell Pd@Pt/C nanoparticles as 
methanol tolerant oxygen reduction electrocatalysts for the direct methanol fuel cells. 
These catalysts were prepared from the galvanic replacement reaction between Pd/C 
nanoparticles and PtCl42-, which was self-inhibited after the establishment of a 
monolayer coverage of Pt on the Pd core. XRD characterization showed negative 
shifts in the Bragg angle of (220) diffraction of Pd@Pt/C(70:30) relative to that of 
Pd/C, suggesting that some Pd atoms in the core had been displaced by the larger Pt 
atoms. Small negative shifts in the Pt 4f spectra suggest electron transfer from Pd to 
Pt. Cyclic voltammetry showed that the oxide (OHads) stripping peak of 
Pd@Pt/C(70:30) was also closer to that of Pt/C confirming the formation of the core 
shell structure. The Pd@Pt/C electrocatalysts were active for the oxygen reduction 
reaction at room temperature in acidic solutions, even in the presence of a high 
methanol concentration (0.1 M). The best overall composition was determined to be 
Pd@Pt/C(70:30). The enhanced ORR activity of core shell Pd@Pt/C(70:30) relative 





to Pt/C could be explained in terms of the weaker OHads binding on the Pt sites, and 









TAILORING THE ORR ACTIVITIES OF 





Alloying of Pt with other metals, especially oxophilic metals such as Co and Fe  have 
been used to improve both the activity and selectivity (i.e. fuel tolerance) of Pt 
catalysts in ORR, and the reduction of Pt loading in the catalysts to lower the catalyst 
cost for DMFCs (Antolini et al., 2008). However, catalyst instability due to Ostwald-
ripening or oxophilic metal dissolution are still the hurdles to overcome (Ferreira et al., 
2005; Gasteiger et al., 2005; Srivastava et al., 2007). Recent surface science studies 
have shown that a heterogeneous catalyst structure with a Pt surface on different 
metal substrates could be an elegant solution to the problems. Heterogeneously 
structured catalysts have been prepared by ultrahigh-vacuum techniques and by 
surface metal galvanic displacement and surface metal depletion gliding reactions 
(Stamenkovic et al., 2006; Stamenkovic et al., 2006; Adzic et al., 2007; Nilekar et al., 
2007; Srivastava et al., 2007; Stamenkovic et al., 2007; Stamenkovic et al., 2007; 




Strasser et al., 2008). These methods of preparation are not scalable for volume 
synthesis, and they are also not effective for size and surface composition control.  
 
Herein, we report the results of an experimental study with heterogeneous 
PdCo@PdPt/C catalysts consisting of a PdPt shell and different PdCo cores. Pd was 
chosen because of its good selectively for ORR in the presence of methanol (Li, et al., 
2004; Lopes et al., 2006; Zhao, et al., 2009). The heterogeneous PdCo@PdPt/C 
electrocatalysts were prepared by the galvanic replacement reaction between PtCl42- 
and carbon supported PdCo alloy nanoparticles as shown in Scheme 4.1. The oxygen 
reduction activity could be varied by adjusting the PdCo core composition and the Pt 
content in the catalysts. Volcano relationships between ORR activity and PdCo 
composition and percentage Pt in the total noble metals were obtained. The optimal 
catalyst composition was experimentally determined to be around 
Pd70Co30@Pd70Pt30/C, which is 6 times as active (on a Pt metal basis) as a reference 
commercial Pt/C catalyst in the presence of 0.1M methanol.  
 
Scheme 4.1 Deposition of Pt on PdCo alloy by galvanic replacement reactions. The red, grey, and 
black spheres are Pt, Pd atoms and Co atoms respectively. 
 
  
PdCo nanoparticle              PdCo@PdPt        PdCo@PdPt by further replacement  
 




4.2 Experimental Section 
 
Potassium tetrachloroplatinate (K2PtCl4), hexachloroplatinic acid (H2PtCl6), cobalt (II) 
acetate tetrahydrate (Co(CH3COO)2 · 4H20) and 5 wt% Nafion solution were 
purchased from Aldrich-Sigma. 70-72% perchoric acid (HClO4) was from Merck. 
Methanol (99.8%) was supplied by Fisher Scientific. Commercial carbon-supported 
platinum and palladium catalysts with 20 wt% metal loading from E-TEK were used 
to benchmark the catalyst performance.  
 
40mg Pd/C and a calculated amount of Co(CH3COO)2·4H20 were added to 50ml 
deionized water and ultrasonically mixed for 30 min. The mixture was then heated to 
110 oC to evaporate away most of the water until a smooth and thick slurry was 
formed. The slurry after drying in vacuum overnight was placed in a glazed ceramic 
boat and fired in a tube furnace at 500 oC for 2 hours in a flowing (0.2 ml/minute) 
hydrogen (5%)-argon mixture. The furnace was then cooled to room temperature in 
argon. Carbon-supported PdCo nanoparticles with different Pd:Co ratios were 
obtained by varying the amount of Co precursor used in the preparation. A carbon-
supported homogeneous alloy catalyst with the composition of Pd70Pt30 was similarly 
prepared by the reaction between H2PtCl6 and Pd/C and heat treatment at 500 oC in 
the same H2-Ar mixture for 1.5 hours. Heterogeneous PdCo@PdPt/C catalysts were 
prepared by the galvanic replacement reaction as follows: The PdCo/C particles were 
suspended in 50 ml deionized water and refluxed at 100 oC under argon. 1.2 ml of 10 
mM K2PtCl4 diluted with 10 ml deionized water was added dropwise to the PdCo 
suspension and left to react to 2 hours to form the PdCo@PdPt/C catalyst. The Pt 




content in the catalyst was varied by the amount of Pt precursor used in the 
preparation. The solid product at the end of the reaction was recovered by 
centrifugation and dried in vacuum overnight. The samples prepared from 1.2 ml 
10mM K2PtCl4 and different PdxCoy suspensions would have the compositions of 
PdxCoy@PdxPty/C. In particular the samples prepared from adding 0.7, 2.2, and 10 ml 
of 10 mM K2PtCl4 to the Pd70Co30 suspension were labeled as Pd70Co30@Pd70Pt30/C-1, 
Pd70Co30@Pd70Pt30/C-2 and Pd70Co30@Pd70Pt30/C-3 respectively.  
 
4. 3 Results and Discussion 
 
Table 4.1  Atomic ratio of Pd: Co from EDX measurement, crystallite size, and lattice parameter 
of PdCo from the XRD measurement 
 
Catalyst Atomic ratio of Pd:Co 
Mean crystallite 
size d (nm) 
Lattice parameter 
a(Å) 
Pd85Co15 83.4:16.6 8.7 3.89 
Pd80Co20 78.1:21.9 8.5 3.88 
Pd70Co30 70.3:29.7 8.0 3.88 
Pd60Co40 62.5:37.5 7.6 3.86 
Pd50Co50 55.1:44.9 7.2 3.85 
 
The greater potential difference between the reduction potentials of the PtCl42-/Pt 
couple (1.494 V) and the Co2+/Co couple (-0.50V) drove the deposition of Pt on the 
PdCo surface, forming the core shell PdCo@PdPt/C heterogeneous architecture. Since 
no extraneous reducing agent was used, the deposition of Pt occurred exclusively on 
the PdCo surface and no monometallic Pt nanoparticles were formed as a byproduct. 
A comparison between the EDX measurements of PdCo/C (Table 4.1) and 
PdCo@PdPt/C catalysts (Table 4.2) revealed a depressed Co content and a relatively 




constant Pd content after the galvanic displacement reaction, verifying the selective 
one-for-one displacement of Co by Pt, instead of Pd. The Pt contents from XPS 
analysis were all systematically higher than the EDX measurements (Table 4.2), 
indicating that the particles surface was Pt-rich, which is expected from the 
heterogeneous structure of a Pt-Pd surface on a PdCo core.  
 
Table 4.2  Crystallite size from XRD, atomic ratio from EDX and XPS and binding energy of Pt 










of Pt 4f 7/2 
(eV) 
binding energy 




8.6 10.7:83.3:6.0/ 20.8:77.5:1.8 71.5 74.8 
Pd80Co20 @ 
Pd80Pt20//C 
8.5 12.6:79.5:7.9/ 20.6:75.9:3.5 71.5 74.8 
Pd70Co30 @ 
Pd70Pt30/C 
8.1 11.2:70.9:17.9/ 22.2:66.4:11.4 71.4 74.8 
Pd60Co40 @ 
Pd60Pt40/C 
7.6 12.7:64.0:23.4/ 21.7:62.8:15.7 71.5 74.8 
Pd50Co50 @ 
Pd50Pt50/C 
7.3 11.8:56.0:32.1/ 22.9:56.3:20.8 71.5 74.9 
Pd70Co30@ 
Pd70Pt30/C-1 
8.1 8.1:71.4:21.5/ 16.5:69.3:14.2 71.5 74.8 
Pd70Co30@ 
Pd70Pt30/C-2 
7.9 19.6:69.7:10.7/ 26.2:67.3:6.5 71.3 74.8 
Pd70Co30@ 
Pd70Pt30/C-3 
7.9 25.6:68.8:5.6/ 28.3:69.8:1.9 71.1 74.6 
Pd70Pt30/C 8.3 
30.8:69.2:0/ 
27.4:72.6:0 71.0 74.4 
 




4.3.1 Tailoring the ORR Activity on Electrocatalysts 
 
 
Figure  4.1 XRD spectra of PdCo/C with different Pd:Co ratios (a); and PdCo@PdPt/C with 
different PdCo core compositions and Pt contents (b).  
 




In order to achieve tunability of the PdCo core, different amounts of Co were alloyed 
with the carbon-supported Pd nanoparticles to vary the lattice parameter of the latter. 
The diffraction patterns of PtCo/C (in Figure 4.1) correspond well with the features of 
f.c.c Pd. The absence of cobalt diffractions suggests that cobalt was fully incorporated 
into the Pd lattice to form solid solutions of cobalt in Pd. The 2q values for the (111) 
diffraction were progressively shifted to higher angles with the increase in Co content 
(40.2o for Pd85Co15/C, 40.4o for Pd80Co20/C, 40.6o for Pd70Co30/C, 40.8o for 
Pd60Co40/C, and 41.0o for Pd50Co50/C), implying increasing lattice parameter 
contraction. The (220) diffraction was used to calculate the crystallite size by the 
Debye-Scherrer equation (Radmilovic et al., 1995) and the lattice parameter of the 
PdCo nanoparticles (Table 4.1).  The diffraction patterns of PdCo@PdPt/C are given 
in Figure 4.1. The absence of Pt diffraction (39.8o at (111)) suggests that there were 
no isolated Pt nanoparticles.  
 
The catalyst activity for ORR activity was first tailored by depositing Pt on PdxCoy 
cores of different compositions. Figure 4.2a shows the ORR polarization curves of 
heterogeneous PdxCoy@PdxPty/C in oxygen-saturated 0.1 M HClO4 at room 
temperature. The potential was scanned from 1.0 to 0.3 V (vs RHE) at 20 mV/sec. 
Figure 4.2b shows the magnified response in the 0.75 to 0.9 V regions where half-
wave potentials were measured. The half wave potentials were 0.802 V for 
Pd85Co15@Pd85Pt15/C, 0.811 V for Pd80Co20@Pd80Pt20/C, 0.820 V for 
Pd70Co30@Pd70Pt30/C, 0.816 V for Pd60Co40@Pd60Pt40/C and 0.801 V for 
Pd50Co50@Pd50Pt50/C. It is clear that the half wave potential first increases with the 
Co content and the decreases. Among the different catalysts, Pd70Co30@Pd70Pt30/C 




has shown the most positive half-wave potential, indicating that ORR is most facile 
on this catalyst.  
 
 
Figure 4.2 Linear sweep voltammograms of ORR on heterogeneous PdxCoy@PdxPty/C in oxygen-
saturated 0.1 M HClO4. Only the negative-going scans are shown here. Sweep rate: 20 mVs-1; 
room temperature; 1600 rpm.(a) the magnified response in the mixed region where half-wave 
potentials were measured (b). 




             
Figure  4.3 Relationship between kinetic mass activities on the Pt basis of heterogeneous 
PdxCoy@PdxPty/C at 0.85 V Vs RHE and lattice parameters of the PdxCoy cores. 
 
We have also correlated the kinetic mass activities at 0.85 V RHE (on Pt basis, based 
on data of Figure 4.3 and the Koutecký-Levìch equation (Stamenkovic et al., 2002) 
with the lattice parameter of PdCo/C. A volcano-like curve was obtained with the 
maximum in kinetic mass activity occurring around the composition 
Pd70Co30@Pd70Pt30/C. The initial increase in catalytic activity could be attributed to 
the presence of ORR more active Pt sites on the catalyst surface (Ye and Crooks, 
2007). The Pt content in the surface layer should increase with the amount of Co in 
the PdCo core because the exchange of Pt for Co is one-to-one by the galvanic 
displacement reaction (Table 4.2). However, the Pt surface enrichment effect could 
not explain the reversal of trend starting from Pd70Co30@Pd70Pt30/C> 
Pd60Co40@Pd60Pt40/C> Pd50Co50@Pd50Pt50/C. Therefore, additional factors in 
catalysis were involved; namely the ligand effect (Greeley and Norskov, 2005; Kibler 
et al., 2005; Adzic et al., 2007) from the electronic interaction between the noble 




metals (Pt or Pd) and the underlying oxophilic metal (Co), and the strain effect due to 
the lattice mismatch between the Pt-Pd surface layer and the underlying PdCo layer. 
According to Nørskov and co-workers (Hammer and Norskov, 2000; Greeley et al., 
2002; Kitchin et al., 2004; Kitchin et al., 2005); these two effects are summative 
resulting in d-band center shifts of the surface catalytic metals; consequently affecting 
the adsorption of various reaction intermediates and changing the outcome of the 
catalytic process. The ligand effect, which is based on the hetero-metallic bonding 
between the noble metal(s) and the oxophilic metal, is expected to scale with the Co 
content in the underlying core (Table 4.2). Specifically the widths of Pt and Pd d-
bands would broaden with the Co content and the d-band centers would shift 
negatively in order to maintain the same degree of d band filling (Kumar and Zou, 
2007). For the lattice strain effect, when Pt (0.39231 nm) and Pd (0.38898 nm) atoms 
with larger lattice constants are placed over a PdCo core with smaller lattice 
parameters, the surface Pt and Pd atoms are laterally compressed relative to their bulk 
states. The Pt and Pd d-band centers would also be displaced downwards (Xu et al., 
2004). With increase in the Co content the lattice parameter of PdCo would decrease 
further, the PdPt surface is under stronger compressive strain, and the d-band centers 
are down-shifted more negatively.  
 
It is well known that ORR involves both the dissociation of the O-O bond in the 
oxygen molecule and the removal of the surface OH groups formed in subsequent 
steps (Zhang et al., 2005; Stamenkovic et al., 2007).  An ORR active surface should 
not bind the adsorbates too strongly, especially the surface OH groups (Kinoshita, 
1992; Markovic et al., 1997). A downward shift in the d-band center would generally 




reduce the adsorption strength and benefit the desorption of the surface OH groups. 
Hence if ORR is rate limited by OH desorption, an increase in the mismatch between 
the surface and subsurface layers would lead to the ORR activity increase. This is 
perhaps the trend on the left side of the volcano curve, where Pd85Co15@Pd85Pt15/C< 
Pd80Co20@Pd80Pt20/C< Pd70Co30@Pd70Pt30/C. However, excessive lattice mismatches 
would reduce the interaction between adsorbed molecular oxygen and the catalyst 
surface, leading to insufficient O-O bond activation and a decrease in the ORR 
activity. The decrease in the ORR activity with more lattice mismatches on the right 
side of the volcano curve, where Pd70Co30@Pd70Pt30/C> Pd60Co40@Pd60Pt40/C> 
Pd50Co50@Pd50Pt50/C may be reasoned this way. The Pd70Co30@Pd70Pt30/C catalyst 
appears to be optimal; striking the right balance between the opposing effects of O-O 
bond dissociation and the removal of the surface OH groups. For high ORR activity, 
DFT calculations have shown that the d band centers of the Pt based catalysts have to 
be optimally positioned for O-O bond dissociation and the removal of the surface OH 
groups  (Norskov et al., 2004; Zhang et al., 2005; Stamenkovic et al., 2007). 






Figure 4.4 Linear sweep voltammograms of ORR on Pd70Pt30/C and heterogeneous 
Pd70Co30@Pd70Pt30/C-n with different Pt contents in oxygen-saturated 0.1 M HClO4. Only the 
negative-going scans are shown here. Sweep rate: 20 mVs-1; room temperature; 1600 rpm. (a) the 
magnified response in the mixed region where half-wave potentials were measured(b). 
 
The best overall composition was determined to be Pd70Co30@Pd70Pt30/C from the 
above tailoring process. Hence, the ORR activity of PdCo@PdPt/C was also changed 




by the amount of Pt precursor used in the galvanic displacement reaction with a PdCo 
core of fixed composition (Pd70Co30) core. Figure 4.4a shows the ORR polarization 
curves in oxygen-saturated 0.1 M HClO4 and Figure 4.4b is the magnified view of the 
response in the 0.75 to 0.9 V regions, where half-wave potentials were measured. The 
half wave potentials were 0.803 V for Pd70Co30@Pd70Pt30/C-1 , 0.820 V for 
Pd70Co30@Pd70Pt30/C, 0.815 V for Pd70Co30@Pd70Pt30/C-2, 0.796 V for 
Pd70Co30@Pd70Pt30/C-3 and 0.792 V for Pd70Pt30/C. Hence Pd70Co30@Pd70Pt30/C was 




Figure  4.5 The relationship between kinetic mass activity on the Pt basis at 0.85 V Vs RHE and 
Pt percentage in heterogeneous Pd70Co30@Pd70Pt30/C-n.  
 
The Pd70Co30@Pd70Pt30/C series of catalysts was examined further. Figure 4.5 shows 
the relationship between the kinetic mass activity at 0.85 V (on Pt basis) and the 
percentage of Pt in the noble metals (Pt+Pd). A volcano-like curve with maximum 




around Pd70Co30@Pd70Pt30/C was obtained. With the increase in Pt percentage, the 
PtPd shell became thicker and more bulk-PtPd like (1 layer for Pd70Co30@Pd70Pt30/C-
1, 2 layers for Pd70Co30@Pd70Pt30/C, 4 layers for Pd70Co30@Pd70Pt30/C-2, 7 layers for 
Pd70Co30@Pd70Pt30/C-3 and 14 layers for Pd70Pt30/C could be estimated from the 
Benfield model(Benfield, 1992). The decline in ORR activity on the right side of the 
volcano curve could be understood as such. The experimental results also showed that 
a “minimum” thickness (between 1 to 2 monolayers) is required for favorable ligand 
and compressive strain effects. On the other hand, one could not dismiss the 
possibility that the calculated monolayer coverage of the PdCo core was 
experimentally inadequate to form a complete shell.  
 
The fact that binding energy shifts depend on the extent of d band center shifts has 
been observed by many researchers (Richter et al., 2004; Zhou et al., 2006). In the  
Pd70Co30@Pd70Pt30  series of the catalysts where the electronic effect is expected to be 
about the same for all catalysts because of a shared, common core, the strain effect 
could still be different because of the different number of monolayers formed on the 
core. In this regard the experimentally observed decrease in the XPS Pt binding 
energy from 71.5 eV for Pd70Co30@Pd70Pt30/C-1 to 71.4 eV for Pd70Co30@Pd70Pt30/C, 
71.3 eV for Pd70Co30@Pd70Pt30/C-2，71.1 eV for Pd70Co30@Pd70Pt30/C-3 and 71.0 
eV for Pd70Pt30/C (Table 4.2) may be used to suggest the downshifts in the d-band 








4.3.2 Methanol Tolerance of Electrocatalysts 
 
The methanol tolerance of the Pd70Co30@Pd70Pt30/C catalyst was evaluated next and 
referenced to a commercially available carbon-supported platinum catalyst from E-
TEK with 20 wt% metal loading. Figure 4.6 compares the polarization curves of ORR 
on the E-TEK catalyst and Pd70Co30@Pd70Pt30/C in 0.1 M HClO4 in the potential 
range 1 to 0.3 V at room temperature; with and without 0.1 M CH3OH. The 
Pd70Co30@Pd70Pt30/C catalyst outperformed the Pt/C catalyst in the high potential 
region (>0.7 V), suggesting it is a more effective ORR catalyst overall. When the 
commercial Pt/C catalyst was used in the presence of 0.1 M methanol, there was a 39 
% decrease in the ORR specific activity at 0.85 V from 47.5 to 29.0 mA mg(Pt)-1, 
which is comparable to the results in the literature (Maillard et al., 2002). The 
reduction in the specific activity of Pd70Co30@Pd70Pt30/C was a factor better by 
comparison (~ 23% decrease from 55.5 in the absence of methanol to 42.5 mA mg-
1(PtPd) in the presence of methanol), attesting to its being a more methanol tolerant 
ORR catalyst than Pt/C. The presence of a Pd-rich surface where Pt is likely to be 
non-contagious should have affected MOR more than ORR because of the more 
demanding site requirement for contiguous Pt ensembles in the former. The 
improvement in ORR selectivity was therefore derived from suppressing the MOR 
reaction; which agrees with the prevailing opinion that the presence of Pd sites on the 
catalyst surface assures methanol tolerance to some extent (Markovic and Ross, 2002; 
Mustain et al., 2007). At the same time the mismatch in lattice parameter between the 
shell and core components was used to advantage to increase the ORR activity 
beyond what could be accomplished in a bulk Pt-Pd alloy (Pd70Pt30). Furthermore, 




regardless of whether total metal (Pd+Pt) or Pt-only was used as the basis for 
normalizing the measured current, the Pd70Co30@Pd70Pt30/C catalyst always showed a 
higher activity (at 0.85 V, 1.2 times and 4.9 times without methanol and 1.5 times and 
6.1 times relative to Pt/C respectively in 0.1 M methanol), indicating the more 
efficient use of the catalytic noble metals in the heterogeneous core-shell construction.  
 
 
Figure 4.6 Linear sweep voltammograms of ORR on Pt/C and heterogeneous 
Pd70Co30@Pd70Pt30/C in oxygen-saturated 0.1 M HClO4 with 0.1 M CH3OH. Only the negative-




In conclusion, heterogeneously structured PdCo@PdPt/C electrocatalysts with an 
overall reduction in Pt loading were prepared by a simple galvanic replacement 
reaction, using the reducing properties of metallic Pd and Co to deposit Pt 




spontaneously and selectively on the surface of carbon-supported PdCo alloy 
nanoparticles. EDX and XPS analyses of PdCo@PdPt/C suggested the selective 
etching of Co, instead of Pd in the replacement reaction, confirming the presence of a 
PdPt-rich surface and a PdCo interior. XRD showed that the lattice parameter of PdCo 
decreased with the increase in Co content. The ORR half-wave potentials showed a 
volcano-like response with respect to the compositions of the PdCo core; and with 
thickness number of PdPt shell. Among the catalysts tested, the Pd70Co30@Pd70Pt30/C 
catalyst showed the highest ORR activity amidst a low Pt loading and good ORR 
selectivity in 0.1 M methanol. Ligand effect among the noble metals (Pt or Pd) and 
the oxophilic metals (Co) and strain effects arising from the lattice mismatch between 
surface and subsurface layers could be the major contributor to the enhancement of 
ORR activity. The dilution effect of Pd in an otherwise contiguous Pt surface also 
contributed significantly to methanol tolerance.  










Chapter 4 discusses the synthesis of a new variant of carbon-supported PdCo@PdPt 
methanol-tolerant ORR electrocatalysts where the ORR activity of the catalysts could 
be tuned by varying the composition of the underlying PdCo core and by the amount 
of Pt in the PtPd surface. In this Chapter, the most optimal PdCo@PdPt/C catalyst 
(Pd70Co30@Pd70Pt30/C) was compared with monometallic Pt, monometallic Pd and 
bimetallic PdCo alloy catalysts, especially with regard to methanol tolerance. The 
ORR was therefore run under acidic conditions with and without the presence of 0.1M 
methanol. The results showed four to six-fold increases in activity in the presence of 
methanol over standard Pt/C catalyst with no apparent loss of catalyst stability. It was 
inferred that the strain effect from the lattice mismatch between the shell and core 
components is the major contributing factor in the enhancement of ORR activity and 
ORR selectivity.  
 




5.2 Experimental Section 
 
Potassium tetrachloroplatinate (K2PtCl4), cobalt (II) acetate tetrahydrate 
(Co(CH3COO)2·4H20) and 5 wt% Nafion solution in alcohol-water mixture were 
purchased from Aldrich-Sigma. 70-72% perchloric acid (HClO4) was from Merck. 
Methanol was supplied by Fisher Scientific. Commercial carbon-supported platinum 
and palladium catalysts with 20 wt% metal loading from E-TEK were used for 
benchmarking the catalyst performance.  
 
A PdCo alloy with atomic ratio of 70:30 was prepared from a mixture of commercial 
Pd/C particles (E-TEK, 20 wt% metal loading) and Co(CH3COO)2·4H20 (Aldrich-
Sigma) solution following a procedure reported in the literature (Shao et al., 2006).  
PdCo@PdPt/C was then prepared by the galvanic reaction between PdCo/C particles 
and PtCl42-, which is notably different from a previous study which deposited Pt 
directly on Co (Liang et al., 2004). In brief the PdCo/C nanoparticles were suspended 
in 50 ml deionized water and refluxed at 100 oC under argon. 1.2 ml of 10 mM 
K2PtCl4 (Aldrich-Sigma) diluted with 10 ml deionized water was then added dropwise 
to the PdCo suspension and left to react for 2 hours. The solid product at the end of 
the reaction was recovered by centrifugation and dried in vacuum overnight. 
 
 




5.3 Results and Discussion 
 
 
Figure 5.1 TEM, HRTEM  images of PdCo/C(a and b) and PdCo@PdPt/C(c and d)             
       





Figure 5.2 Pt 4f XPS spectra of Pt/C(a), Pd 3d XPS spectra of Pd/C(b), Pd 3d XPS spectra of 










Table 5.1 Atomic ratios from EDX, crystallite size and lattice parameter from XRD and 












Pd/C 0:100:0 4.8 3.89 51.0 
Pt/C 100:0:0 2.9 3.92 61.1 
PdCo/C 0:70.3:29.7 8.1 3.88 44.9 
PdCo@PdPt/C 11.2:70.9:17.9 8.0 3.88 73.1 
 
 
Due to the larger potential difference between the PtCl42-/Pt couple and the Co2+/Co 
couple (1.035 V) than that between the PtCl42-/Pt couple and the PdCl42-/Pd couple 
(0.164 V), Co, instead of Pd, was preferentially displaced by Pt, forming the PdCo 
core and PtPd-shell architecture. The heterogeneous structure was confirmed by EDX 
(Table 5.1 from Figure 5.1) and XPS (Table 5.2 from Figure 5.2) of the 
PdCo@PdPt/C catalysts. EDX showed a greatly depressed Co content and relatively 
constant Pd content compared with the starting PdCo/C nanoparticles, confirming the 
selective etching of Co atoms in the galvanic replacement reaction. On the other hand, 
XPS showed strong presence of Pt and Pd in the surface layers and weak Co signal. 
Hence the nanoparticles after the galvanic reaction consisted mainly of a PdPt shell 








Table 5.2 Atomic ratios, binding energies and chemical states (Pt at 4f 7/2 and 4f 5/2, and Pd at 
3d5 and 3d3) of Pd/C, Pt/C, PdCo/C and PdCo@PdPt/C from XPS measurements. 
 













Pd/C 0:100:0 Pd(0) 335.1 340.3 - 
Pt(0) 71.0 74.4 77.8 
Pt/C 100:0:0 
Pt oxide 72.6 75.5 22.2 
PdCo/C 0:70.1:29.9 Pd(0) 335.0 340.2 - 
Pt(0) 71.4 74.8 81.4 





 Pd(0) 335.7 340.9 - 
 
 
XRD patterns of Pt/C, PdCo/C and PdCo@PdPt/C catalysts are shown in Figure 5.3. 
The diffraction patterns of PdCo/C and PdCo@PdPt/C correspond well with the 
features of f.c.c Pd. The absence of cobalt diffractions suggests that cobalt was fully 
incorporated into the Pd lattice to form solid solutions of cobalt in Pd. For 
PdCo@PdPt/C, the (220) diffraction (Inset of Figure 5.3) shows only the 
characteristics of PdCo because the thickness of the PdPt skin according to the 
Benfield model(Benfield, 1992) was too thin to contribute to diffraction of its own. 
The (220) diffraction was used to calculate the crystallite size by the Debye-Scherrer 
equation (Radmilovic et al., 1995) and the lattice parameters of the nanoparticles 
(Inset of Figure 5.3). The results are summarily presented in Table 5.1. The 
incorporation of cobalt into the Pd lattice resulted in lattice parameter contraction 
from 0.389 nm (Pd/C) to 0.388 nm (PdCo/C). The alloying of cobalt with carbon-




supported Pd nanoparticles leading to the decrease in the lattice parameter of the latter 
has been reported previously (Suo et al., 2007).  
 
   
Figure 5.3 XRD spectra of Pd/C， Pt/C, PdCo/C and PdCo@PdPt/C. The inset shows 











Figure  5.4 Cyclic voltammograms of Pd/C，Pt/C, PdCo/C and PdCo@PdPt/C in argon-purged 
0.1 M HClO4. Sweep rate 20 mV s-1; room temperature(a), the hydrogen desorption region 
intercepted from part a(b). 
 




Figure 5.4a shows the cyclic voltammograms of Pd/C, Pt/C, PdCo/C and 
PdCo@PdPt/C in argon-purged 0.1 M HClO4 at room temperature. The hydrogen 
adsorption/desorption region of PdCo@PdPt/C (from 0 to 0.30 V vs RHE, shown in 
Figure 5.4b) features a new peak noticeably different from that of monometallic Pt/C, 
monometallic Pd/C and bimetallic PdCo/C. The new peak indicates changes in the 
adsorption site geometry when a PdPt shell was formed over Pd-Co core. The 
electrochemical surface areas (ECSA) calculated from the hydrogen 
adsorption/desorption regions are also included in Table 5.1. In the cathodic scan, the 
oxide (OHads) stripping peak (740 mV) on PdCo@PdPt/C was closer to that of Pt/C 
(730 mV). The slight positive shift (by 10 mV) in the oxide stripping peak on 
PdCo@PdPt/C suggests weaker binding of the OHads-species on the catalyst surface in 
this case (Gasteiger et al., 2005).  
 
The catalytic activity of PdCo@PdPt/C in ORR was evaluated in the absence and 
presence of methanol; and compared with the activities of the Pd/C, Pt/C and PdCo/C 
catalysts. Figure 5.5 shows the ORR polarization curves of these catalysts in oxygen-
saturated 0.1 M HClO4 at room temperature. The potential was scanned from 1 to 0.3 
V (vs RHE) at 20 mV/sec. For monometallic Pd/C, Pt/C and bimetallic PdCo/C 
catalysts, the half-wave potentials were 0.752 V, 0.805V, and 0.764 V respectively. 
Hence while PdCo/C was more active than Pd/C, it was less active than Pt/C. It is 
interesting to note that PdCo@PdPt/C showed the most positive half-wave potential 
(0.820 V), suggesting that it had the highest ORR activity among the catalysts tested. 
In addition, the kinetic mass activity at 0.8 V at 1600 rpm calculated from the 




Koutecký-Levìch equation [1.58 mA/mg (Pt) for PdCo@PdPt/C)] was also higher 
than the value reported for most Pt nanoparticles (Adzic et al., 2007).  
 
Figure 5.5 Linear voltammograms of Pd/C，Pt/C, PdCo/C and PdCo@PdPt/C catalysts in 
oxygen-saturated 0.1 M HClO4 showing the negative- going scans. Sweep rate: 20 mV s-1; room 
temperature; 1600 rpm. 
 
While some ORR enhancement may originate from electronic effects between the 
surface Pt and Pd atoms and the underlying Co atoms  (Toda et al., 1999), the 
presence of a PdCo core and PtPd-shell architecture would reduce the effectiveness of 
such electronic interaction, since mixing is far below that in a completely mixed 
system (alloy). A more important contributor would be the lattice strain effect 
introduced by replacing the surface layers of PdCo with PdPt  (Alayoglu et al., 2008). 
According to the Benfield model (Benfield, 1992), the incorporation of Pt into 
PdCo/C could displace Co atoms in the two outermost layers. When Pt (0.39231 nm) 




and Pd (0.38898 nm) atoms with larger lattice constants were placed over a PdCo core 
with a smaller lattice parameter (0.38760 nm), the surface Pt and Pd atoms would be 
laterally compressed compared to bulk Pt and Pd. The d-band centers are expected to 
shift downwards by the compressive strain effect, leading to weaker interactions with 
the adsorbed species  (Xu et al., 2004). The downward shift of the d band centers is 
consistent with experimental measurements of a higher XPS Pt and Pd binding 
energies in PdCo@PdPt/C than in Pt/C and Pd/C (Table 5.2) (Zhou et al., 2006; 
Alayoglu et al., 2008). It is well known that ORR involves both the dissociation of the 
O-O bond and the removal of the surface OH groups (Zhang et al., 2005; 
Stamenkovic et al., 2007). An ORR active surface should not bind the adsorbates too 
strongly, especially the surface OH groups whose persistence on the catalyst surface 
is known to impact the ORR activity negatively  (Kinoshita, 1992; Markovic et al., 
1997). A downward shift in the d-band center that results in generally weaker 
adsorption strength is beneficial (Markovic and Ross, 2002). 
 
Figure 5.6 shows the polarization curves of ORR on Pd/C, Pt/C, PdCo/C and 
PdCo@PdPt/C in 0.1 M HClO4 with 0.1 M CH3OH. The measurements were carried 
out at room temperature in the potential range 1 to 0.3 V. No peak appeared in the 
case of Pd/C and PdCo/C because of the inactivity of these catalysts in MOR. The 
“valleys” (minima in ORR current densities) in the polarization curves of Pt/C and 
PdCo@PdPt/C at about 0.71 V were caused by methanol oxidization on a reduced Pt 
surface offsetting some of the reduction current due to ORR.  PdCo@PdPt/C also 
outperformed Pt/C in the high potential region (>0.8 V), suggesting it was a more 




effective ORR catalyst overall. The addition of Pd to Pt has been known to increase 
the ORR activity of Pt in the presence of alcohols (Li et al., 2004; Lopes et al., 2008). 
The presence of Pd in the surface naturally dilutes the surface Pt sites. The Pd dilution 
effect affects mostly the MOR because of the more demanding site-geometry 
requirement for this reaction (three adjacent Pt sites for the MOR and two adjacent Pt 
sites for the ORR) (Salgado et al., 2005).  
 
Figure 5.6 Linear voltammograms of Pd/C，Pt/C, PdCo/C and PdCo@PdPt/C in oxygen-
saturated 0.1 M HClO4 with 0.1 M CH3OH. Only the negative-going scans are shown here. Sweep 
rate: 20 mVs-1; room temperature; 1600 rpm. 
 





Figure 5.7 Specific activities at 0.9 V Vs RHE (from Figure 5.3 and 5.4) for Pt/C and 
PdCo@PdPt/C catalysts. The left panel shows normalization by the total metals, the right panel 
shows normalization by Pt-only. 
 
The methanol tolerance of Pt/C and PdCo@PdPt/C catalysts was evaluated by their 
specific activities at 0.9 V (Figure 5.7).  There was a 40 % decrease in ORR specific 
activity from 13.80 to 8.35 mA mg-1 when the commercial Pt/C catalyst was used in 
the presence of 0.1 M methanol. The reduction in the specific activity of 
PdCo@PdPt/C was much smaller by comparison (~ 20% decrease from 15.07 to 
11.88 mA mg-1), attesting to its being a more methanol tolerant catalyst. Therefore the 
active sites on PdCo@PdPt/C were more selective towards ORR than those on the 
normal Pt catalysts. This was also confirmed by running MOR alone on the catalysts 
(Figure 5.8), where peaked specific activities of 103.4 mA mg-1 for the positive-going 




scan and 62.7 mA mg-1 for the negative-going scan from PdCo@PdPt/C, were lower 
than the corresponding values from Pt/C (257.4 and 209.8 mA mg-1 respectively). 
Furthermore, regardless of whether total metal (Pd+Pt) or Pt-only was used as the 
basis for normalizing the measured current, the PdCo@PdPt/C catalyst always 
showed a higher activity (1.1 times and 4.7 times without methanol and 1.4 times and 
6.2 times relative to Pt/C respectively in 0.1 M methanol), indicating the more 
efficient use of the catalytic noble metals in the heterogeneous core-shell construction. 
 
Figure 5.8 Cyclic voltammograms of Pd/C，Pt/C, PdCo/C and PdCo@PdPt/C in 0.1 M HClO4 
with 0.1 M CH3OH. Sweep rate: 20 mVs-1; room temperature. 
 





Figure 5.9 Chronoamperograms of Pt/C and PdCo@PdPt/C at 0.9 V Vs RHE in oxygen-
saturated 0.1 M HClO4 with 0.1 M CH3OH. Room temperature; 1600rpm. 
 
Chronoamperometry of Pt/C and PdCo@PdPt/C at 0.90 V in oxygen-saturated 0.1 M 
HClO4 with 0.1 M CH3OH was used to obtain some indications of the long-term 
performance of the catalysts in ORR. Figure 5.9 shows that while the ORR specific  
activity of Pt/C decreased to about 5.54 mA mg-1 after one hour, the “steady state” 
activity of PdCo@PdPt/C was much higher (10.32 mA mg-1(Pd+Pt) or 44.87 mA mg-
1Pt), and was equal to about 1.9 times and 8.1 times that of Pt/C respectively. A figure 
of merit (FOM) based on the turnover frequency per Pt atom could also be calculated, 
which was 2.32×10-18 mAcm-2 per Pt atom for Pt/C and 2.67×10-17 mAcm-2 per Pt 
atom for PdCo@PdPt/C. The higher FOM again confirms the more efficient use of the 
catalytic noble metals in the core shell catalyst. Furthermore, Figure 5.9 also shows 




that the rates of decrease of ORR mass activity were nearly the same for Pt/C and 
PdCo@PdPt/C catalysts (19.1% for the former after 1 hour versus 20.2 % for the 
latter in the same period of time). Generally, the decrease in catalyst stability could be 
attributed to Ostwald-ripening growth of the catalytic metal, methanol-poisoning and 
3d metal leaching (Ferreira et al., 2005; Gasteiger et al., 2005; Srivastava et al., 2007). 
The use of an all-noble metal (Pd and Pt) shell could have at least addressed the Co 




In conclusion, a new heterogeneous PdCo@PdPt/C electrocatalyst with an overall 
reduction in the Pt content was used as a methanol-tolerant oxygen reduction 
electrocatalyst for DMFC. The catalyst was prepared by a simple galvanic 
replacement reaction, using the reducing properties of metallic Co to deposit Pt 
spontaneously and selectively on the surface of carbon-supported PdCo alloy 
nanoparticles. The voltammetric features of PdCo@PdPt/C in acid solutions in the 
hydrogen adsorption/desorption region were quite different from those of Pd/C, Pt/C 
and PdCo/C, indicating the presence of different site geometries on the surface of the 
heterogeneous PdCo@PdPt particles. The best overall ORR catalyst was 
PdCo@PdPt/C, where at least a six times enhancement of ORR activity relative to 
Pt/C was realized even at a 0.1 M methanol concentration. The enhanced ORR 
activity of PdCo@PdPt/C relative to Pt/C could be explained in terms of the weaker 




OHads binding on the Pt and Pd sites in the near-surface regions, and favorable strain 
effects between the PdPt shell and the PdCo core. The good methanol tolerance of 
PdCo@PdPt/C could be attributed to the Pd presence on the catalyst surface. The 
stability of PdCo@PdPt/C was also comparable to that of Pt/C.  











In this chapter, the activity and selectivity of carbon-supported core shell PdFe@PdPt 
nanoparticles in ORR were examined in the presence and absence of methanol. The 
electrocatalyst, which consisted of a PdPt shell over a PdFe core was prepared by the 
galvanic reaction between PdFe/C alloy nanoparticles and PtCl42- in aqueous solution. 
The presence of a Pt-enriched surface after the replacement reaction was 
independently confirmed by several microstructural characterization techniques and 
cyclic voltammetry. The catalyst with such heterogeneous architecture was 
catalytically more active than bulk alloy catalyst with the same overall composition. 
The observed enhancement in catalyst performance could be attributed mainly to the 
lattice strain effect between the shell and core components. The PdFe@PdPt/C 
catalyst also compared rather favorably with a commercial Pt/C catalyst with four 
times as much of Pt mass loading in terms of ORR activity, cost and methanol 
tolerance. 
 




6.2 Experimental Section 
 
Potassium tetrachloroplatinate (K2PtCl4), ferric (III) chloride hexahydrate 
(FeCl3·6H20) and 5 wt% Nafion solution in an ethanol-water mixture (containing 
15-20% water) were purchased from Aldrich-Sigma. 70-72% perchloric acid (HClO4) 
and 99.8% methanol were supplied by Merck and Fisher Scientific respectively. 
Commercial carbon-supported platinum and palladium catalysts with 20 wt% metal 
loading were obtained from E-TEK.  
 
Carbon-supported PdFe nanoparticles with a Pd:Fe mole ratio of 70:30 were 
synthesized as follows: 40mg of Pd/C and 3.21 ml of 10 mM FeCl3·6H20 were added 
to 50ml water solution and ultrasonically mixed for 30 min, . The solution was then 
heated to 110 oC to evaporate most of the water until a thick but smooth slurry was 
formed. The slurry, after drying in vacuum overnight, was placed in a glazed ceramic 
boat and heated in a tube furnace at 500 oC for 2 hours under a flowing stream of 5% 
hydrogen in argon (0.2 ml/min). Thereafter the furnace was cooled to room 
temperature in flowing argon (0.1 ml/ min). Bulk alloy PdPtFe/C with Pt:Pd:Fe molar 
ratio of 12: 70:18 was similarly prepared from a mixture of Pd/C, FeCl3·6H20 and 
K2PtCl4. Heterogeneous PdFe@PdPt/C was prepared by the galvanic reaction. In brief, 
the PdFe/C synthesized above were suspended in 50 ml deionized water and refluxed 
at 100 oC under an argon blanket. 1.2 ml of 10 mM K2PtCl4 diluted to 10 ml with 
deionized water was then added dropwise to the suspension and left to react for 2 
hours. The solid product that remained at the end of the reaction was recovered by 
centrifugation and dried in vacuum overnight.  




6.3 Results and Discussion 
 
6.3.1 Catalyst Characterizations  
 
The deposition of Pt was spontaneous on the PdFe surface because the computed 
reduction potential of the PtCl42-/Pt couple (1.494 V) was more positive than the 
computed reduction potentials of Fe2+/Fe (-0.669 V) and Pd2+/Pd (0.729 V) couples. 
The greater potential difference between the PtCl42-/Pt couple and the Fe2+/Fe couple 
therefore drove the preferential displacement of Fe (instead of Pd) by Pt, forming the 
core shell structure of a PdPt surface on a PdFe core.  
 





Figure 6.1 TEM images of (a)PdFe/C, (c) PdPtFe/C and (e) PdFe@PdPt/C, and HRTEM image 
of (b)PdFe/C, (d) PdPtFe/C and (f) PdFe@PdPt/C.  
 
 





Figure 6.2 XRD patterns of Pt/C, PdFe/C, PdPtFe/C and PdFe@PdPt/C. The inset shows the 




Table 6.1 Atomic ratios, crystallite and lattice parameter and electrochemical surface area of 














Pt/C 100:0:0 3.0/2.9 3.92 61.1 
PdFe/C 0:70.2:29.8 8.0/7.9 3.87 50.6 
PdPtFe/C 12.1:69.5:18.4 7.9/7.8 3.88 58.8 











Figure 6.1 shows the TEM and HRTEM images of PdFe/C, PdPtFe/C and 
PdFe@PdPt/C catalysts. The metal nanoparticles in PdFe/C had an average crystallite 
size of 8.0 nm (Figure 6.1a).  EDX analysis of randomly sampled nanoparticles in the 
HRTEM image (Figure 6.1b) showed the concurrent presence of Pd and Fe in a mole 
ratio of 70.2:29.8 (Table 6.1). The alloy nanoparticles in PdPtFe/C had an average 
crystallite size of 7.9 nm and a Pt:Pd:Fe ratio of 12.1:69.5:18.4. The carbon-supported 
core shell PdFe@PdPt nanoparticles were also similar in crystallite size (8.1 nm). 
EDX measurements (Pt:Pd:Fe = 12.6:68.4:19.0) showed a greatly depressed Fe 
content and a relatively constant Pd content relative to the starting PdFe/C, 
confirming the preferential and selective etching of Fe (instead of Pd) by the galvanic 
replacement reaction (one Pt per Fe eplaced). To a first approximation the core shell 
nanoparticles may be given as Pd70Fe30@Pd70Pt30. A calculation based on the 
Benfield model (Benfield, 1992) and using the composition of PdFe@PdPt/C from 
EDX measurements showed that the Fe atoms in first and second outermost layers of 
PdFe/C had been replaced. 
 
The XRD diffraction patterns of Pt/C, PdFe/C, PdPtFe/C and PdFe@PdPt/C shown in 
Figure 6.2 could all be indexed to the f.c.c structure. The absence of distinct Fe 
diffractions in PdFe/C and PdPtFe/C suggests that Fe had been fully incorporated into 
Pd and PdPt as an alloying element. The (220) diffraction was used to calculate the 
lattice parameters of the nanoparticles and the crystallite size by the Debye-Scherrer 
equation (Inset of Figure 6.2) (Radmilovic et al., 1995). The summary in Table 6.1 
shows that the incorporation of Fe into Pd led to a general contraction in the lattice 




parameter from 0.389 nm for Pd to 0.387 nm for PdFe. The lattice parameter of the 
core shell PdFe@PdPt nanoparticles at 0.388 nm also represents a slight contraction 
from Pd (0.389 nm) and Pt (0.392 nm). It was also smaller than the measured lattice 
parameter of the PdPtFe alloy nanoparticles (0.388 nm). Indeed the lattice parameter 
of PdFe@PdPt was closer to that of PdFe (0.387 nm) than of PdPt(0.390 nm). The 
similarity between the (220) diffractions in PdFe@PdPt/C and PdFe/C confirms that 
the skin layer was relatively thin, as predicted by the calculation based on the 
Benfield model (Benfield, 1992). The absence of a Pt (220) diffraction (Inset of 
Figure 6.2) in PdFe@PdPt/C indicates that there were no discrete Pt nanoparticles.  
 
Figure 6.3 shows the XPS spectra of Pt/C, PdPtFe/C and PdFe@PdPt/C, with Table 
6.2 summarizing the results of peak deconvolution. In Figure 6.3a which shows the Pt 
4f region of the Pt/C spectrum; the most intense doublet (at 71.0 and 74.4 eV) is 
characteristic of metallic Pt. The second and weaker doublet (at 72.6 and 75.5 eV) 
could be assigned to oxidized Pt in the forms of PtO and Pt(OH)2. For PdPtFe/C, the 
Pt 4f spectral region in Figure 6.3b could be deconvoluted into a doublet at 70.5 and 
73.9 eV assignable to Pt (0), and a doublet at 72.4 and 75.3 eV due to the Pt oxides. 
The negative shifts in the Pt 4f signals relative to Pt/C is an indication of electron 
transfer from the Fe atoms to the neighboring more electronegative Pt atoms. The 
XPS analysis also measured a Pt: Pd: Fe ratio of 14.5:66.2:19.3. The good agreement 
with the EDX measurements (12.1:69.5:18.4) indicates homogeneity of composition 
throughout the particles. For core shell PdFe@PdPt/C, the Pt4f region could be 
deconvolted into 71.7 and 75.0 eV for Pt (0), and 73.4 and 76.4 eV for the Pt oxides 
(Figure 6.3c). In this case the Pt 4f signals had shifted positively relative to Pt/C, 




which is consistent with the compressive strain introduced by depositing a PtPd 
surface with a larger lattice parameter (0.390 nm) over a PdFe substrate with a smaller 
lattice parameter (0.387 nm).(Li et al., 2004; Richter et al., 2004) The Pt: Pd: Fe ratio 
from XPS analysis was 21.5:65.5:13.0 for PdFe@PdPt/C. Here the Pt content is 
noticeably higher than that measured by EDX (12.6:68.4:19.0). It is also higher than 
the XPS measurement of the Pt content in PdPtFe/C alloy nanoparticles 
(14.5:66.2:19.3) where Pt was uniformly distributed throughout. These are indications 
that the core shell PdFe@PdPt/C nanoparticles had a more Pt-rich surface than the 
surface of alloy nanoparticles of the same overall composition. 
 
 
Table 6.2 Atomic ratios, chemical state and binding energy of Pt 4f for Pt/C, PdPtFe /C and 
PdFe@PdPt/C from XPS analysis. 
 





energy of Pt 
4f 7/2 (eV) 
Binding 
energy of Pt 




Pt(0) 71.0 74.4 77.8 Pt/C 100:0:0 Pt oxide 72.6 75.5 22.2 
Pt(0) 70.5 73.9 78.9 PdPtFe/C 14.5:66.2:19.3 Pt oxide 71.8 75.0 21.1 
Pt(0) 71.7 75.0 79.4 PdFe 













Figure 6.3 Pt 4f XPS spectra of Pt/C(a), PdPtFe/C(b) and PdFe@PdPt/C (c).  
 
 




6.3.2 Electrochemical Measurements 
 
Figure 6.4 Cyclic voltammograms of Pt/C, PdFe/C, PdPtFe/C and PdFe@PdPt/C in argon-
purged 0.1 M HClO4. Sweep rate 20 mV s-1; room temperature. 
 
Figure 6.4 shows the cyclic voltammograms of Pt/C, PdFe/C, PdPtFe/C and 
PdFe@PdPt/C in argon-purged 0.1 M HClO4 at room temperature. The 
electrochemical surface areas (ECSA) calculated from the hydrogen 
adsorption/desorption region (0 to 0.30 V) were 61.1 m2/g for Pt/C, 50.6 m2/g for 
PdFe/C, 58.8 m2/g for PdPtFe/C and 72.5 m2/g for PdFe@PdPt.  In the magnified 
hydrogen desorption region in Figure 6.4, two peaks corresponding to hydrogen 
desorption from Pt (111) and Pt(200) could be identified in the Pt/C sample.(Wang et 
al., 2008) Contrasting this was the single desorption peak in the case of PdFe/C at 
about 0.18 V.  PdPtFe/C and PdFe@PdPt/C also featured single desorption peaks 
which are noticeably different from hydrogen desorption from monometallic Pt/C and 




bimetallic PdFe/C. The difference is taken as an indication of the changes in the 
adsorption site geometry. In the cathodic scan, the oxide (OHads) stripping peak (735 
mV) on PdFe@PdPt/C was located at a potential higher than that of Pt/C (730 mV), 
PdFe/C (680 mV) and PdPtFe/C (690 mV). The positive shift in the oxide stripping 
peak on PdFe@PdPt/C suggests weaker binding of the OHads-species on the surface of 
the core shell nanoparticles (Gasteiger et al., 2005).  
 
The catalytic activities of Pt/C, PdFe/C, PdPtFe/C and PdFe@PdPt/C were measured 
with a RDE both in the presence and absence of 0.1 M methanol, a typical 
concentration used in methanol tolerance studies (Kin et al., 2006; Antolini et al., 
2008). Figure 6.5a shows the ORR in oxygen-saturated 0.1 M HClO4 at room 
temperature without methanol. Half-wave potentials of 0.805, 0.760, 0.785 and 0.830 
V could be measured for Pt/C, PdFe/C, PdPtFe/C and PdFe@PdPt/C respectively. 
The half-wave potential was the most positive for PdFe@PdPt/C (0.830 V), implying 
that it was the most active among the catalysts tested. Also, The kinetic mass 
activities at 0.8 V calculated from Koutecký-Levìch equation [1.92 mg/ug (Pt) for 
PdFe@PdPt/C)] are higher than well-documented observed value for nanosized Pt 
(Adzic et al., 2007).  






Figure 6.5 Linear voltammograms of Pt/C, PdFe/C, PdPtFe/C and PdFe@PdPt/C in oxygen-
saturated 0.1 M HClO4 without(a) and with(b) 0.1 M CH3OH in negative- going scans. Sweep 
rate: 20 mV s-1; room temperature; 1600 rpm. 
 




Figure 6.5b shows the polarization curves in the presence of 0.1 M CH3OH. In this 
case ORR on PdFe/C proceeded normally as in the case without methanol; This is an 
expected outcome since Pd alloys are inactive in the methanol oxidization reaction 
(MOR) and are therefore good methanol tolerant catalysts (Li et al., 2004; Shao et al., 
2006). On the other hand the polarization curves of Pt/C, PdPtFe/C and PdFe@PdPt/C 
displayed reversals in current densities culminating in “valleys” (minimum current 
densities) formed around 0.71 V. The current reversal was caused by the competition 
between methanol oxidization and oxygen reduction on the same reduced Pt surface 
resulting in the compensation of the ORR current by the MOR current. Among the Pt-
containing catalysts, the ORR activity of PdFe@PdPt/C was the least affected in the 
presence of methanol, comfortably outperforming PdPtFe/C and Pt/C especially in the 
high potential region (>0.8 V).  
 
The enhancement of ORR activity through a core shell construction may be 
understood in terms of the ligand effect and the lattice strain effect in catalysis 
(Kitchin et al., 2004). The ligand effect, which concerns the electron transfer from the 
oxophilic metal (Fe) to the noble metals (Pd, Pt), is generally less effective than the 
strain effect in changing the d band centers of the surface catalytic metals, which 
determine the general adsorptive behavior of the catalytic surface (Kibler et al., 2005; 
Kumar and Zou, 2007). The dissociation of the O-O bond in an oxygen molecule on 
the catalyst surface and the removal of the OH groups subsequently formed are key 
steps in ORR (Kinoshita, 1992; Markovic et al., 1997; Zhang et al., 2005). For Pt 
based catalysts, the persistence of the OH groups on the catalyst is the rate-limiting 
step and adversely affects the ORR activity (Kinoshita, 1992; Markovic et al., 1997; 




Markovic and Ross, 2002; Zhang et al., 2005). A downward shift in the d-band center 
of Pt and Pd would generally weaken the adsorption strength, facilitating the removal 
of the OH groups and improving the ORR activity as a result. When Pt (0.392 nm) 
and Pd (0.389 nm) with the larger lattice parameters were deposited on PdFe/C with a 
smaller lattice parameter (0.387 nm), the Pt and Pd atoms would be laterally 
compressed compared to their bulk form, lowering their d band centers. The 
experimental observation of a higher XPS Pt binding energy in core shell 
PdFe@PdPt/C nanoparticles than in Pt/C nanoparticles (Table 6.2) is one of the 
consequences of the downward shift in the d band center. The correlation between 
binding energy shift and the shift in the d band center has been witnessed before and 
verified by many others (Richter et al., 2004; Zhou et al., 2006; Alayoglu et al., 2008).   
 
Figure 6.6 Specific activities at 0.9 V vs RHE on Pt+Pd and Pt metal basis  for Pt/C, PdFe/C, 
PdPtFe/C and PdFe@PdPt/C catalysts. 
 




As a measure of relative methanol tolerance, the specific activities of Pt/C, PdFe/C, 
PdPtFe/C and PdFe@PdPt/C at 0.90 V in the presence of methanol were compared 
based on the total mass of noble metals (Pd+Pt) (Figure 6.6). When the commercial E-
TEK Pt/C catalyst was used in the presence of 0.1 M methanol, a specific activity of 
8.4 mA mg-1 was measured, which agrees well with the literature. For PdFe/C and 
PdPtFe/C the specific activities were 8.8 mA mg-1(PdPt) and 8.9 mA mg-1(PdPt) 
respectively. Specific activity was the highest on PdFe@PdPt/C: 12.8 mA mg-1(PdPt); 
qualifying the core shell structured PdFe@PdPt/C as the most methanol tolerant 
among the ORR catalysts tested. The good methanol tolerance of heterogeneous 
PdFe@PdPt/C relative to Pt/C could also be attributed to the presence of Pd sites on 
the catalyst surface. Pd and its alloys are known for their methanol tolerance when 
used as the cathode catalyst for DMFCs (Li et al., 2004; Shao et al., 2006). Therefore, 
the presence of Pd sites on the catalyst surface assured methanol tolerance to some 
extent. Secondly, the presence of Pd in the surface diluted the surface Pt sites. For 
MOR to occur, three adjacent Pt sites are required whereas only two are needed for 
ORR (Salgado et al., 2005). The three types of bimetallic sites which are expected to 
be present on the PdFe@PdPt/C catalyst surface, namely Pt-Pt, Pd-Pd, and Pt-Pd, are 
all ORR-active. The Pd dilution effect therefore affected mostly MOR because of the 
more demanding site requirement for this reaction. By comparison the PdPtFe/C 
catalyst was not as methanol tolerant as PdFe@PdPt/C because the presence of Fe on 
the surface of the former could enhance MOR via the mechanism of bifunctional 
catalysis between the noble metals (Pt) and the oxophilic metal (Fe)  (Liu et al., 2006). 
Moreover, as shown in Figure 6.6, when Pt-only was used as the basis for normalizing 
the measured currents, the PdFe@PdPt/C catalyst also showed the highest mass 




activity in 0.1 M methanol (8.4 mA mg-1(Pt) for Pt/C, 35.5 mA mg-1(Pt) for PdPtFe/C 
and 51.5 mA mg-1(Pt) for PdFe@PdPt/C), indicating the more efficient use of the 
catalytic noble metal Pt in the core shell construction. 
 
Figure  6.7 Chronoamperograms of Pt/C, PdFe/C, PdPtFe/C and PdFe@PdPt/C at 0.9 V in 
oxygen-saturated 0.1 M HClO4 with 0.1 M CH3OH. Room temperature; 1600rpm. 
 
Specific activity-time curves measured at a fixed potential were used to assess the 
long-term catalyst performance. From the chronoamperograms of Pt/C, PdFe/C, 
PdPtFe/C and core shell PdFe@PdPt/C at 0.90 V in oxygen-saturated 0.1 M HClO4 
with 0.1 M CH3OH (Figure 6.7), specific activities of Pt/C, PdFe/C, PdPtFe/C 
decreased to about 5.54, 1.00, and 3.78 mA mg-1(PdPt)respectively after one hour, 
whereas the “steady state” activity of PdFe@PdPt/C was noticeably higher (12.88 mA 
mg-1(Pd+Pt)), and was about 2.3 times that of Pt/C. A figure of merit (FOM) based on 
the turnover frequency per Pt atom could be used to compare the effectiveness of the 




Pt atoms on Pt/C, bulk alloy PdPtFe/C and heterogeneous PdFe@PdPt/C, and this was 
calculated by the expression in Equation 1. The following values of FOM were 
obtained for the various catalysts: Pt/C: 2.33×10-17 mAcm-2 per Pt atom; PdPtFe/C: 
2.15×10-16 mAcm-2 per Pt atom; and PdFe@PdPt/C: 2.75×10-16 mAcm-2 per Pt atom. 
The highest FOM of heterogeneous PdFe@PdPt/C again confirms the more efficient 












          (1) 
where I is the steady state of current of bulk alloy PdPtFe/C, core shell PdFe@PdPt /C 
and Pt/C; D is the nanoparticle diameter; K is the surface density of polycrystalline Pt; 
x is percentage of Pt on the surface; M is the mass loading of metals on the electrode; 
and ρ is average density of the nanoparticles. 
 
We have therefore shown experimentally that the ORR activity and stability of Pt in 
the presence of methanol could be enhanced through the core shell PdFe@PdPt/C 
construction, surpassing the performance of Pt/C catalyst and PdPtFe/C alloy catalyst 
with the same overall composition. However, it is recognized that the present design 
of core shell PdFe@PdPt/C may not be optimal. For example, design may be 
improved by using different core compositions and structures. The implied research 
undertaking is immense and it is hoped that this report could generate sufficient 
interest to result in more studies in this direction. 
 






Carbon-supported core shell PdFe@PdPt/C nanoparticles with a PdPt surface and a 
PdFe core were prepared by the galvanic reaction between PdFe/C alloy nanoparticles 
and PtCl42-. The absence of Pt (220) diffraction in XRD pattern of PdFe@PdPt/C 
suggests that there were no isolated Pt nanoparticles. The similarity between 
PdFe@PdPt/C and PdFe/C diffractions indicates that the compositional deviation 
from the bulk was limited to a very thin surface layer. XPS nevertheless detected a 
PdPt-rich surface, and the positive shift in the Pt 4f signals relative to Pt/C indicates 
that the surface layer was under compressive stress relative to the bulk. The 
PdFe@PdPt/C nanoparticles were active in the oxygen reduction reaction in the 
presence of 0.1M methanol. Indeed it was 2.3 times as active as a reference Pt catalyst 
containing 4 times as much of Pt mass loading under the same test conditions. The 
enhanced ORR activity of PdFe@PdPt/C relative to Pt/C could be rationalized in 
terms of a favorable strain effect when Pt was deposited on the PdFe substrate. The 
presence of Pd on the catalyst surface also contributed to the observed good methanol 
tolerance.  





IMPROVING ORR EFFICIENCY FOR DMFCS 




The activity and selectivity of catalysts could be improved through a rational design 
approach based on fundamental catalysis principles (Greeley and Mavrikakis, 2004; 
Greeley et al., 2006; Adzic et al., 2007). Recently, the role of near surface alloys 
(NSAs) in heterogeneous electrocatalysis, where a metal solute is present near the 
surface of a host metal in concentrations different from the bulk, was cited for their 
unique catalytic properties (Stamenkovic et al., 2007; Alayoglu et al., 2008; Luo et al., 
2008; Strasser et al., 2008).  Theoretical computations and model catalysts have been 
used to screen for good heterogeneous catalysts with favorable NSAs. In some studies, 
the role of surface strain in catalysis was recognized as a means of tuning the catalytic 
activity. Such strained surfaces can be realized by the deposition of a pseudomorphic 
metal monolayer (e.g. Pt or Pd) onto single crystal substrates with different lattice 
constants (Kibler et al., 2005; Zhang et al., 2005). Herein, we report a relatively 
practical and inexpensive technique to produce catalytically active heterogeneous 
PdM@PdPt (M=Ni, Co, Fe and Cr) nanoparticles with approximately 1-2 monolayer 
thick PdPt shell for the ORR in DMFCs (Stamenkovic et al., 2007; Adzic et al., 2007; 




Strasser et al., 2008). DFT calculations of the d-band centers of the catalytic metals on 
the surface were performed to gain some insights into the relationship between 
surface structure and catalytic activity of these heterogeneously structured catalysts.  
 
Scheme 7.1 Deposition of Pt on PdM by galvanic replacement reaction. 
 
 
            PdM alloy                   Replacement processing             Core shell PdM@PdPt 
 
PdPt bimetallic alloys have been recognized as good ORR catalysts (Li et al., 2007; 
Ye and Crooks, 2007) even in the presence of methanol but with different optimum 
ratio of  Pd and Pt compositions (Li et al., 2004; Lopes et al., 2008). Their 
deployment in DMFCs could overcome the methanol crossover problem which causes 
significant reduction of the fuel cell performance (Arico et al., 2001; Neergat et al., 
2003). In this study we applied PtPd as the NSAs, and tailored its catalytic activity 
through the use of sublayers of different compositions (PdM). In order to minimize 
geometrical and other structural effects in catalysis; the size and shape of the metal 
nanoparticles were kept almost the same. The heterogeneous PdM@PdPt (M=Ni, Co, 
Fe and Cr) electrocatalysts were prepared by the galvanic replacement reaction 
between PdM alloy nanoparticles and PtCl42- in aqueous solution (Scheme 7.1). Due 




to the greater difference in electrode potentials between PtCl42-/Pt and M2+/M couples 
than that between PtCl42-/Pt and PdCl42-/Pd couples, M, instead of Pd, was 
preferentially displaced by Pt, forming the heterogeneous structure of a PdPt shell on 
a PdM core. The galvanic replacement reaction occurred exclusively on the PdM 
surface because no extraneous reducing agent was used in the process. Consequently 
no monometallic Pt nanoparticles were formed as a byproduct.  
 
7.2 Experimental Section 
 
7.2.1 Preparation of Catalysts.  
 
Pd-M (M=Ni, Co, Fe and Cr) alloys with an optimized Pd:M atomic ratio of 70:30 
were prepared from an aqueous mixture of commercial Pd/C nanoparticles,  (4.8 nm, 
and 20 wt% metal loading from E-TEK) and a water-soluble M precursor 
(Ni(CH3COO)2, Co(CH3COO)2, FeCl3 or Cr(CH3COO)2 from Aldrich-Sigma). In 
brief, 40 mg Pd/C and 3.21 ml 10 mM M precursor were added to 50 ml water; 
ultrasonically mixed for 30 min. and then heated to 110 oC to remove most of the 
water until a thick and smooth slurry was formed. The slurry, after drying in vacuum 
overnight, was placed in a glazed ceramic boat and heated in a tube furnace at 500 oC 
for 2 hours under a flowing stream (0.2 ml/min) of 5% hydrogen in argon. Thereafter, 
the powder product was cooled to room temperature in flowing (0.1 ml/min) argon.  
The PdPt/C reference was synthesized likewise from H2PtCl6 (from Aldrich-Sigma). 
All PdM/C samples (including the PdPt/C reference) were heat-treated at 500 oC for 




varying amount of time to obtain approximately the same final particle size. 
Heterogeneous PdM@PdPt/C nanoparticles were prepared by the galvanic 
displacement reaction. Specifically a sample of the PdM/C nanoparticles was 
suspended in 50 ml deionized water and refluxed at 100 oC in argon atmosphere. 1.2 
ml 10 mM K2PtCl4( from Aldrich-Sigma) was first diluted with 10 ml deionized water, 
and then added dropwise to the PdM suspension and left to react for 2 hours. The 
solid product at the end of the reaction was recovered by centrifugation and dried in 
vacuum overnight. Commercial carbon-supported platinum catalysts with 20 wt% 
metal loading from E-TEK were also used to reference the catalyst performance.  
 
7.2.2 Electrochemical Measurements  
 
Electrochemical measurements were carried out in a standard three-electrode cell. All 
potentials were subsequently converted to RHE scale and current densities were 
normalized by the projection area of the 5mm diameter electrode. ORR activities were 
evaluated in 0.1 M HClO4 aqueous solution while a solution of 0.1 M methanol in 0.1 
M HClO4 was used for the test of methanol tolerance. Negative-going linear sweep 
voltammograms were recorded from 1 to 0.3 V at 20 mV/s at room temperature 
(20±0.5 oC) while ultra-pure oxygen was being bubbled into the solution to maintain a 
saturated oxygen atmosphere near the working electrode. Cyclic voltammograms 
were also recorded between 0 and 1.2 V at 20 mV/s at room temperature in argon-
purged 0.1 M HClO4 with 0.1 M methanol for the measurement of catalyst activities in 
MOR. For anodic CO stripping voltammetry, CO adsorption was carried out by 
bubbling CO gas through 0.1 M HClO4 solution for 900 s while the electrode potential 




was held fixed at 0.1 V.  The solution was then purged with high purity argon for 30 
min. The potential was then scanned at 20 mV/s for two complete oxidization and 
reduction cycles. 
 
7.2.3 Computational Methods.  
 
Densities of states (DOS) were calculated using the periodic spin-polarized density 
functional theory with Perdew-Wang 91(Perdew et al., 1992) functional as 
implemented in the Vienna Ab initio Simulation Package (VASP) (Kackell et al., 
1996). The calculations were performed using a plane wave basis, with a cut-off 
kinetic energy of 400 eV. Projector-augmented-wave (PAW) (Kresse and Joubert, 
1999) pseudopotentials were used to describe the inner shell electrons. The Pd(111) 
surface was modeled by a 2x2 unit cell with three layers of metal atoms where one of 
the topmost layer Pd atoms was substituted with Pt and one of the second and third 
layer Pd atoms was substituted with a 3d transitions metal (Co, Fe, Ni or Cr). An 
interslab spacing of 12 Å was found to be sufficient to avoid interactions between 
repeated slabs. The d-band center was calculated by projecting d-band density of 
states on the surface atoms referenced to the Fermi level.  
 








Table 7.1 Crystallite size, lattice parameter and % mismatches in lattice parameters between 
Pd70M30 (a) and Pd70Pt30(a0)  
 
Catalyst Mean crystallite size (nm) 
Lattice parameter 
a(A) 
% difference in 
lattice parameters 
(a0-a)/a0 (%) 
PdPt/C 8.3 3.90 0 
PdNi/C 8.1 3.89 0.27 
PdCo/C 8.0 3.88 0.51 
PdFe/C 8.0 3.87 0.77 
PdCr/C 7.9 3.87 0.77 
 
 
Figure 7.1 XRD patterns of PdPt/C, PdM/C(M=Ni, Co, Fe and Cr) and PdM@PdPt/C 





















Table 7.2 PdM@PdPt crystallite size from XRD and atomic ratios from point resolved EDX and 
XPS. Pt 4f 7/2 binding energies from XPS, and the number of electrons transferred and Tafel 






Atomic ratios of 
Pt:Pd:M from 
EDX / XPS 











PdPt/C 8.3 30.8:69.2:0/ 27.4:72.6:0 70.9 3.91 88.5 
PdNi@PdPt/C 8.0 11.5:69.6:18.9/ 21.1:67.1:11.8 71.2 3.96 89.1 
PdCo@PdPt/C 8.0 11.2:70.9:17.9/ 22.2:66.4:11.4 71.4 3.98 90.4 
PdFe@PdPt/C 8.1 12.6:68.4:19.0/ 21.5:65.5:13.0 71.7 3.95 91.0 
PdCr@PdPt/C 7.9 11.3:70.1:18.6/ 22.4:67.6:10.0 72.4 3.90 90.8 
 
 




The uniform PdM alloys were synthesized by the common impregnation technique 
(Shao et al., 2006; Strasser et al., 2008). The XRD data (in Figure 7.1a) of carbon 
supported PdPt, PdM(M= Co, Fe, Cr, Ni) showed f.c.c (111), (200) and (220) 
diffractions and absence of individual phases of non noble metals(Co, Fe, Cr and Ni); 
suggesting that they had been fully incorporated in the Pd lattice to form alloyed PdM 
solid solutions. Calculations based on the (220) diffraction showed that the PdPt and 
PdM particles were about 8.0 nm in size (Table 7.1). 
 
The heterogeneous nanoparticle structure of a PdPt shell on a PdM core was 
confirmed by EDX and XPS (Table 7.2 from Figure 7.3). In summary EDX showed a 
greatly depressed M content and a relatively constant Pd content after the replacement 
reaction, suggesting that the M atoms in the starting PdM nanoparticles had been 
selectively etched in the galvanic replacement reaction. On the other hand, XPS 
showed a strong presence of Pt and Pd in the surface layers and a much lower M 
content when compared with the EDX measurements (Table 7.2). Hence the 
nanoparticles after the galvanic reaction became PdPt-rich on surface. Since the 
reaction involved a one-to-one exchange of M by Pt, there was practically no change 
in the particle size. This has been confirmed by TEM imaging and XRD diffractions 
(Figure 7.1 and 7.2). The PdM@PdPt nanoparticles were f.c.c and about the same size 
as the corresponding PdM/C(around 8.0 nm) nanoparticles. A calculation based on the 
Benfield model (Benfield, 1992) showed that the PtPd shell was approximately 1-2 
monolayer thick. 
 




7.3.1 Trends in ORR Electrocatalysis Without Methanol  
 
 





Figure 7.4 Linear sweep voltammograms of PdPt/C and PdM@PdPt/C in oxygen-saturated 0.1 
M HClO4 showing the negative-going scans. Sweep rate: 20 mV s-1; room temperature; 1600 rpm 
(a); Tafel plot for ORR at low potential (b) and Levich (i-1 vs f-0.5) plots for PdPt/C and 
PdM@PdPt/C at 0.8 V RHE (c). 
 
Figure 7.4a shows the ORR polarization curves of PdPt/C and PdM@PdPt in oxygen- 
saturated solutions at room temperature. There are significant differences among these 
catalysts and their activities may be ranked in the following order: PdPt/C< 
PdNi@PdPt/C< PdCr@PdPt/C< PdCo@PdPt/C< PdFe@PdPt/C. Since all catalysts 
had the same composition of PdPt on their surface after the galvanic replacement 
reaction, the activity difference was due to the composition of the PdM alloy core 
underlying the PdPt shell. Re-plotting the data in Figure 7.4a in the Tafel-plot format 
(Figure 7.4b) yielded straight lines with similar slopes (Table 7.2), probably reflecting 
the different state and coverage of absorbed OH on the NSAs of core shell 
PdM@PdPt.(Wang et al., 2004; Zhang et al., 2004)The congruence of Tafel slopes 
suggests that ORR on these catalysts proceeded with the same reaction mechanism 




and the same rate determining step (Markovic et al., 1994; Paulus et al., 2001). The 
RDE data at 0.8 V are presented as as 1i-  vs. 2/1-f  plots in Figure 7.4c where the 
relationship between ω (angular frequency of rotation) and f (frequency in rpm) is 
ω=2π f /60. These plots show well-defined linear regions from which the number of 
electrons involved in ORR may be calculated from the Koutecký-Levìch equation to 
be around 4 (Table 7.2). Hence ORR on these catalysts all occurred through the same 
4-electron reaction pathway (Stamenkovic et al., 2002). 
 
Figure 7.5 Pt and Pd d-band centers an their corresponded kinetic mass activity at 0.9 V on the 
shell of PdM@PdPt/C from DFT calculations  
 
The electronic structure of the metals in the NSAs of the catalyst is key to 
understanding the catalytic activity (Greeley et al., 2006; Stamenkovic et al., 2006). 
Nørskov and co-workers(Hammer and Norskov, 2000; Greeley et al., 2002; Kitchin et 
al., 2004) suggested that the electronic properties of the metal surface are primarily 




determined by their d-band centers which may be calculated from DFT.  As shown in 
Figure 7.5, by minimizing the total energy of a fully relaxed 3-layer slab, the 
calculated d-band centers of Pt and Pd on the surface decrease monotonically in the 
order: PdPt/C < PdNi@PdPt/C < PdCo@PdPt /C < PdFe@PdPt /C <  PdCr@PdPt /C. 
The trend in the d-band centers is consistent with the experimentally measured XPS 
Pt binding energies which increased from PdPt/C to PdM@PdPt/C (Table 7.2) (Zhou 
et al., 2006; Alayoglu et al., 2008). The d-band centre changes could be attributed to 
two phenomena: the ligand effect and the strain effect. These two effects are believed 
to be sumulative (Kitchin et al., 2004; Kitchin et al., 2005). The ligand effect is due to 
the direct electronic interaction among Pt, Pd and the 3d transition metal atoms 
(Bligaard and Norskov, 2007). For a PtPd NSA on a PdM alloy core, since the lattice 
constant of PdPt is larger than that of PdM (Table 7.2), the PdPt layer is under 
significant compressive strain.  
 
The difference in d-band center locations should in principle be reflected by the 
changes in the binding strengths of intermediates in the reaction (Zhang et al., 2005; 
Greeley et al., 2006; Stamenkovic et al., 2007). Here, O binding energy is considered 
as the parameter to character the catalyst surface. As shown in Figure 7.6a, the DFT 
calculated O binding energy increase in the order PdPt/C < PdNi@PdPt/C < 
PdCo@PdPt /C < PdFe@PdPt /C < PdCr@PdPt /C. The intermediate-metal bond 
strengths are therefore consistent with the shifts in the d-band centers in these 
catalysts. This also affect ORR on these catalysts as shown in Figure 7.6a and b, 
where ORR rate-limiting step shift from the OH removing in the dehydrogenation (for 
Pt, PdPt/C and PdNi@PdPt/C), to oxygen dissociation (PdCr@PdPt/C). 






Figure 7.6 The relationship between DFT calculated O binding energy Eo and corresponded 
activity for hydrogenation and oxygen dissociation at 0.9 V for PdPt/C and PdM@PdPt/C;(a) 
Free energy diagram at 0.9 V for ORR over catalysts (b) 
 
 




The changes in the d-band centers and correspondingly the intermediate-metal bond 
strengths are the reasons behind the observed relationship between catalyst surface 
structure and catalytic activity. kinetic mass activity calculated from Koutecký-Levìch 
equation of PtPd/C and PdM@PdPt/C catalysts is shown in Figure 7.5 alongside the 
corresponding Pt and Pd d-band centers (Stamenkovic et al., 2002). A volcano-like 
curve was obtained where the maximum lies between the compositions PdFe@PdPt/C 
and PdCo@PdPt/C with an optimal O binding energy, which is consistent with the 
predictions from the DFT calculations shown in Figure 7.6a and in the literature 
(Norskov et al. 2005). It is well known that there are different pathways for ORR. 
While there is no consensus in regard to the detailed mechanism,  all ORR invariably 
involve both the dissociation of the O-O bond and the removal of the surface OH 
groups formed in subsequent steps (Kinoshita, 1992; Markovic et al., 1997; Markovic 
and Ross, 2002; Zhang et al., 2005; Stamenkovic et al., 2007). The down-shifts of the 
d-band centers and the associated general reduction in adsorption strengths in 
PdM@PdPt catalysts (M from Ni to Cr) could inhibit oxygen adsorption but facilitate 
the removal of the surface OH groups. The two effects have opposite outcomes to  
ORR resulting in a volcano response that can be understood in terms of the Sabatier 
principle (Greeley et al., 2006). For PdPt/C and PdNi@PdPt/C where the shifts of the 
d-band centers relative to Pt are relatively minor and positive, oxygen binds strongly, 
and the reaction rate is limited by the rate of removal of the surface OH groups in the 
dehydrogenation step as shown in Figure 7.6 a and b. For the PdCr@PdPt/C catalyst 
with the largest downshift of the d-band center; oxygen binding on its surface could 
be too weak, leading to insufficient O-O bond activation for oxygen dissociation 
(Figure 7.6 a and b). The case of the PdCo@PdPt/C and PdFe@PdPt/C catalysts 




represents d-band center shifts that are nearly optimal; where a good balance between 
the dissociation of the O-O bond and the stripping OH groups is established; resulting 
in highest ORR activities. 
 
7.3.2 Electrocatalysis of ORR in Presence of Methanol 
 
Figure 7.7a shows the linear sweep voltammograms of ORR on PdPt/C and 
PdM@PdPt/C catalysts in oxygen-saturated solutions of 0.1 M HClO4 with 0.1 M 
methanol at room temperature. The catalysts were also benchmarked against a 
commercial Pt/C DMFC cathode catalyst under the same experimental conditions. 
PdPt/C still showed lower activity than Pt/C, due to its larger particle size (8.3 nm) 
compared with that of Pt/C (3.0 nm) (Kinoshita, 1992). It is interesting to note that the 
PdCo@PdPt/C, PdFe@PdPt/C and PdCr@PdPt/C catalysts were more active than the 
Pt/C catalyst in the presence of methanol, suggesting that these are more ORR 
selective catalysts.  
 






Figure 7.7 Linear sweep voltammograms of ORR on Pt/C, PdPt/C and PdM@PdPt/C in oxygen-
saturated 0.1 M HClO4 with 0.1 M CH3OH showing the negative-going scans. Sweep rate: 20 mV 
s-1; room temperature; 1600 rpm (a), specific activities of ORR at 0.9 V RHE in 0.1 M methanol 








The specific activities of PdPt/C and PdM@PdPt/C catalysts at 0.90 V are compared 
in Figure 7.7 b. Comparing the specific activity at 0.9 V with and without methanol, 
the reductions in the activities of PdM@PdPt/C (24% for PdCr@PdPt/C, 25% for 
PdFe@PdPt/C, 20% for PdCo@PdPt/C and 22% for PdNi@PdPt/C) were lower than 
that of commercial Pt/C (around 50%) (Maillard et al., 2002), suggesting higher 
selectivity of heterogeneous core shell construction. When only the Pt-mass was used 
to normalize the measured currents, PdM@PdPt/C catalysts were more active than 
Pt/C (4.5 times for PdNi@PdPt/C, 6.8 times for PdFe@PdPt /C, 6.2 times for 
PdCo@PdPt /C, 5.6 times for PdCr@PdPt /C relative to Pt/C, respectively). Hence 
these heterogeneously structured catalysts not only make more efficient use of Pt to 
reduce cost, they could also replicate the good activities of the Pt metal in ORR even 
in presence of methanol. 
 
Generally, good methanol tolerance is accomplished by reducing CO dissociation, a 
byproduct of methanol oxidization or reducing methanol dissociative 
adsorption.(Antolini et al., 2008) As shown in Figure 7.8, the negative shifts in the 
CO stripping peak decrease in the order PdPt/C > PdNi@PdPt/C > PdCo@PdPt/C > 
PdFe@PdPt/C > PdCr@PdPt/C >Pt/C. The intermediate-metal bond strengths as 
estimated by CO stripping scan are therefore consistent with the shifts in the d-band 
centers in these catalysts. When the methanol oxidation reaction (MOR) currents of 
PdPt/C and PdM@PdPt/C catalysts were plotted against the positions of CO striping 
peaks on these catalysts, a linear relationship was obtained suggesting the inverse 
relationship between the strength of CO adsorption and the MOR activity. (Figure 
7.9). However, the MOR activities of these catalysts as inferred by CO stripping were 




all lower than that of Pt/C, hence the structured catalysts should be more selective to 
ORR in the presence of a competing MOR. The good methanol tolerance of 
PdM@PdPt/C could also be rationalized in terms of suppressed methanol dissociative 
adsorption. The down-shifts of Pt d-band centers in PdM@PdPt, and the general 
reduction in the strengths of chemisorptions, also apply to the adsorption of methanol 
in this case. Moreover, the presence of Pd in the surface dilutes the surface Pt sites (Li 
et al., 2004; Shao et al., 2006). It is known that for MOR, three adjacent Pt sites are 
required for the dissociative chemisorptions of methanol, whereas only two are 
needed for oxygen adsorption (Arico et al., 2001; Salgado et al., 2005). There are also 
three types of dual sites on the surface of PdM@PdPt/C catalyst, namely the Pt-Pt, 
Pd-Pd, and Pt-Pd sites, all of which are ORR active but the Pd-containing sites are 
MOR-inactive or poorly MOR-active. Pd and its alloys are known for their methanol 
tolerance when used as the cathode catalysts for DMFC (Li et al., 2004; Shao et al., 
2006). The presence of Pd also introduces a dilution effect that affects mostly the 
MOR because of its more demanding site-geometry requirement. Therefore, the 
presence of Pd sites on the catalyst surface assures methanol tolerance to some extent.  
 
 






Figure 7.8 CO stripping voltammograms for Pt/C, PdPt/C and PdM@PdPt/C in 0.1 M HClO4 at 
room temperature. Scan rate: 20 mV s-1(a) the relationship between the CO stripping peak and 
catalyst composition.(b) 







Figure  7.9 Cyclic voltammograms of Pt/C, PdPt/C and PdM@PdPt/C in 0.1 M HClO4 with 0.1 M 
CH3OH. Sweep rate: 20 mV s-1; room temperature; (a) the relationship between MOR peak 










Chronoamperometry of Pt/C, PdPt/C, PdCo@PdPt/C and PdFe@PdPt /C at 0.90 V in 
oxygen saturated 0.1M HClO4 with 0.1 M methanol was used to obtain “steady state” 
activities after one hour, which are shown in Figure 7.10 (5.54 mA mg-1Pt for Pt/C, 
4.36 mA mg-1Pt for PdPt/C, 44.87 mA mg-1Pt for PdCo@PdPt/C and 56.00 mA mg-
1Pt for PdFe@PdPt/C). A figure of merit (FOM) based on the turnover frequency per 
Pt atom was used to compare the effectiveness of Pt atoms in Pt/C, PdPt/C and 
heterogeneous PdM@PdPt/C (Liu et al., 2006). The following values were obtained:  
FOM (Pt/C)=2.33×10-17 mAcm-2 per Pt atom; FOM (PdPt/C)=4.75×10-17 mAcm-2 
per Pt atom; FOM (PdCo@PdPt)=2.40× 10-16 mAcm-2 per Pt atom; and FOM 
(PdFe@PdPt)=2.75×10-16 mAcm-2 per Pt atom. The heterogeneous PdM@PdPt/C 
catalysts all showed very high FOM compared with those of Pt/C and PdPt/C. This 
again confirms the more efficient usage of the catalytic noble metals through a core-
shell construction. Generally, decrease in catalyst stability may be attributed to 
Ostwald-ripening growth of the catalytic metal, base element leaching (e.g. Co and Fe) 
(Gasteiger et al., 2005) and methanol poisoning. The use of all-noble metals (Pd and 
Pt) as NSAs could have at least addressed the base element leaching problem and 
partial methanol poisoning effect.  





Figure 7.10 Chronoamperograms of Pt/C PdPt/C and PdM@PdPt/C at 0.9 V RHE in oxygen-
saturated 0.1 M HClO4 with 0.1 M CH3OH. Room temperature; 1600rpm. 
 
   
7.4 Conclusions 
 
We have shown that core-shell structured catalysts where the shell is 1 to 2 
monolayers thick can successfully mimic the near surface alloys in single crystal 
studies where significant enchantments of catalytic activity have been observed and 
attributed to lattice strain effects. Experimentally a series of catalysts with PdPt shells 
and PdM cores (M=Ni, Co, Fe and Cr) were prepared and evaluated as oxygen 
reduction reaction electrocatalysts for direct methanol fuel cell applications. These 
catalysts have the same shell composition (Pd:Pt=70:30) and differ only by the core 




composition (PdM). A volcano curve was obtained with PdFe@PdPt providing the 
best overall performance in terms of ORR activity and selectivity. It is theorized that 
the presence of Pd on the catalyst surface suppresses the methanol oxidation reaction 
and the presence of a PdPt core with a lattice parameter different from that of the shell 
compresses the PdPt layer to a favorable catalytic outcome. The compression of the 
PdPt layer was experimentally (by XPS) and computationally validated (through DFT 
calculations of Pt and Pd d-band centers). The results of this study verified the 
importance of near surface alloys and provide a practical method to producing them 
(as core-shell nanoparticles) in large quantities for industrial applications (e.g. 
DMFCs). 
 






CONCLUSIONS AND SUGGESTIONS 
 
8.1 Summary of Major Findings 
 
This thesis study used the galvanic replacement reaction to produce nanostructured 
core shell cathode catalysts with favorable Pt or PdPt near surface alloy (NSA) 
compositions for DMFC applications. The catalyst design was guided by fundamental 
principles underlying catalyst surface structure and catalytic activity. The 
heterogeneous nanoparticles prepared as such were evaluated as ORR electrocatalysts 
both in the absence and presence of methanol at room temperature. The decision to 
focus on a Pt or PdPt NSA was based on preliminary findings that such surfaces had 
high ORR activities, good methanol tolerance and chemical stability. For the core 
metal materials, Pd and Pd-M alloys (M=3d transition metals Ni, Co, Fe, Cr) were 
selected to provide a range of acceptable and controllable lattice contractions. The 
major findings of this study are summarized in the following: 
 
The first series of catalysts synthesized were Pd-rich core shell Pd@Pt nanoparticles 
on carbon support. The galvanic replacement reaction was carried out at elevated 
temperatures. The final particle size was determined by the size of the Pd seeds, and 
the surface composition by the amount of the Pt precursor used. The Pd@Pt/C 
electrocatalysts were active for the oxygen reduction reaction at room temperature in 





acidic solutions, even in the presence of a high methanol concentration (0.1 M). The 
best overall composition was determined to be 70% Pd and 30% Pt overall. XRD 
characterization showed negative shifts in the Bragg angle of (220) diffraction of 
Pd@Pt/C(70:30) with overall Pd:Pt atomic ratio of 70:30 relative to that of Pd/C, 
suggesting that some Pd atoms in the core had been displaced by the larger Pt atoms. 
Small negative shifts in the Pt 4f spectra suggest electron transfer from Pd to Pt. 
Cyclic voltammetry showed that the oxide (OHads) stripping peak of Pd70@Pt30/C was 
closer to that of Pt/C confirming the formation of the core shell architecture. The 
enhanced ORR activity of the core shell Pd@Pt/C(70:30) relative to Pt/C could 
therefore be rationalized in terms of the weaker OHads binding on the surface Pt sites, 
and a combination of favorable electronic and strain effects.  
 
New heterogeneous PdCo@PdPt/C electrocatalysts (catalysts with a PdPt shell on a 
PdCo core) with an overall reduction in the Pt content were synthesized next. The 
oxygen reduction activities of the catalysts could be tuned by varying the composition 
of the underlying PdCo core and by the amount of Pt in the PtPd surface. EDX and 
XPS analyses of PdCo@PdPt/C confirmed the selective etching of Co, instead of Pd, 
in the galvanic replacement reaction, forming the heterogeneous core-shell structure. 
XRD showed that the lattice parameter of PdCo would decrease with the increase in 
the Co content. The kinetic mass activities of ORR followed a volcano-like response 
with respect to the lattice parameter of the PdCo core, and to the Pt content in the 
catalysts. The volcano-curve peaked at Pd70Co30@Pd70Pt30/C with a higher ORR 
activity at a reduced Pt content compared with the commercial Pt/C reference. The 
strain effects arising from the lattice mismatch between the surface and subsurface 





layers could be the major contributing factor to the improvement in ORR activity. The 
presence of a Pd-rich surface where Pt was non-contiguous could also contribute to 
methanol tolerance. 
 
The optimally composed Pd70Co30@Pd70Pt30/C catalyst was then compared with 
monometallic Pt, monometallic Pd and bimetallic PdCo alloy catalysts. The 
voltammogram of Pd70Co30@Pd70Pt30/C in acid solutions in the hydrogen 
adsorption/desorption region was quite different from the voltammograms of Pd/C, 
Pt/C and PdCo/C, indicating the presence of different site geometries on the surface of 
the PdCo@PdPt particles. The Pd70Co30@Pd70Pt30/C catalyst was at least six times as 
active in ORR as Pt/C in 0.1 M methanol solution. The enhanced ORR activity of 
Pd70Co30@Pd70Pt30/C relative to Pt/C could be attributed to the combination of a 
weaker OHads binding on the Pt and Pd sites in the near-surface alloy region, and 
favorable strain effects between the PdPt shell and the PdCo core. The good methanol 
tolerance of Pd70Co30@Pd70Pt30/C could be attributed to the presence of Pd on the 
catalyst surface. The stability of Pd70Co30@Pd70Pt30/C was also comparable to that of 
Pt/C. 
 
Carbon-supported heterogeneous PdFe@PdPt/C nanoparticles with a PdPt surface and 
a PdFe core were also prepared by the galvanic reaction between PdFe/C alloy 
nanoparticles and PtCl42-. The absence of Pt (220) diffraction in the XRD pattern of 
PdFe@PdPt/C suggests that there were no isolated Pt nanoparticles. The similarity 
between PdFe@PdPt/C and PdFe/C diffractions indicates that the compositional 
deviation from the bulk was limited to a very thin surface layer. XPS nevertheless 





detected a PdPt-rich surface, and the positive shift in the Pt 4f signals relative to Pt/C 
suggests that the surface layer was under compressive stress relative to the bulk. The 
PdFe@PdPt/C nanoparticles were active in the oxygen reduction reaction in the 
presence of 0.1M methanol. The catalyst prepared such was catalytically more active 
than an alloy catalyst with the same overall composition. The catalyst was also 2.3 
times as active as a reference Pt catalyst containing 4 times as much of Pt mass. The 
enhanced ORR activity of heterogeneous PdFe@PdPt/C relative to Pt/C could also be 
attributed to a favorable strain effect when Pt was deposited on the PdFe substrate. 
The presence of Pd on the catalyst surface was again beneficial for good methanol 
tolerance. 
 
The final part of this thesis work concerned with the experimental and computational 
screening of a limited series of carbon supported PdM@PdPt (M=Ni, Co, Fe and Cr) 
catalysts with favorable NSA compositions for ORR. The ORR activities from 
electrochemical measurements correlated well the changes in the metal d band centers 
and oxygen binding energies. The latter were calculated from DFT based on a model 
proposed by Norskov and coworkers (Hammer and Norskov, 2000; Greeley et al., 
2002; Kitchin et al., 2004). A volcano-curve was obtained with optimal catalyst 
composition around PdCo@PdPt/C and PdFe@PdPt/C, which is verified by DFT 
calculations. The optimal composition represents a good balance between the need for 
dissociative chemisorption of oxygen and the need for removal of adsorbed OH 
species which are formed in the ORR as intermediate products. The heterogeneous 
PdCo@PdPt and PdFe@PdPt catalysts with about one quarter of Pt loading also 





showed higher ORR activities in the presence of methanol compared to the 
commercial Pt/C reference catalyst. 
 
In conclusion this study verified the importance of near surface alloys in the 
electrocatalysis of ORR structure, and provided a practicable method to produce these 
catalysts in large quantities (the galvanic reaction route). 
 
8.2 Suggestions for Future Work 
 
8.2.1 The Galvanic Replacement Reaction Applied to Other Metal 
Nanoparticles 
 
We have demonstrated that the heterogeneous electrocatalysts with favorable NSAs 
could be synthesized by simple galvanic replacement reactions, where the particle size 
could be controlled by the size of the seeds, and the surface composition by the 
amount of the precursor used. DFT calculations of the catalytic metal d band centers 
could provide useful trends for guiding the catalyst design, especially regarding the 
catalyst composition. Therefore, other heterogeneous structures with favorable NSAs 
could also be obtained by this design-to-build approach.  
 
In addition, the durability and stability of electrocatalysts in a fuel cell system 
determine the reliability of the fuel cell operations. Recently, Au doped Pt catalysts 
were reported to significantly enhance the catalyst stability (Zhang et al., 2007). 





However there is still a lack of practical methods to scale up their production. 
Through the galvanic replacement reaction, PtM (M=Ni, Co, Fe, Cr, V and Ti) 
catalysts with a favorable PtAu surface composition could be synthesized from PtM 
alloy nanoparticles and AuCl4-, and evaluated for prolonged operation in fuel cells. 
The use of a PtM core adds versatility to catalyst tuning, and also lowers the catalyst 
cost through the reduction of Pt content. 
 
Additionally, PtM (M=Ni, Co, Fe, Cr, V and Ti) catalysts with a pure Pt shell could 
also be prepared from PtM alloy nanoparticles and PtCl42-. The resulting catalysts 
could be evaluated for ORR, and for the electrooxidation of common fuel molecules 
(methanol, and ethanol and formic acid).   
 
Finally, PdM (M=Ni, Co, Fe, Cr, V and Ti) catalysts with a Pd shell could also be 
synthesized from PdM alloy nanoparticles and PdCl42-. These kinds of catalysts could 
be useful for formic acid oxidization and/or oxygen reduction.   
 
8.2.2 Shape Effect in Catalysis 
 
Recent studies have suggested the current advances in the synthesis of nanoscale 
materials be explored for catalyst design and synthesis (Narayanan and El-Sayed, 
2004; Narayanan and El-Sayed, 2004; Tang and Ouyang, 2007). The size and shape 
dependent properties of nanoparticles are well known and have been exploited in 
some applications (Feldheim, 2007; Narayanan et al., 2008). Nanoparticles could be 
prepared as single crystals or particles with controlled twin structures and well 





defined crystallographic faces as shown in Figure 8.1. This would allow tuning of the 
catalytic activity even for the same metal to some degrees (Herdeveld and Hartog, 
1969; Narayanan and El-Sayed, 2004; Ding et al., 2007; Tian et al., 2007).  The main 
challenge is the removal of capping molecules which template the formation of the 
preferred crystallography. Their tenacious presence on the surface of the nanoparticles 
is a hindrance to catalytic reactions. 
 
 
Figure 8.1Truncated tetrahedron with (111) face(a); truncated octahedral with (111), (110) and 
(100) faces (b); decahedral with (111) face(c) and icosahedron (111) face nanoparticles(d) 
 
8.2.3 New Catalyst Supports  
 
Our lab’s experience with ordered porous carbon has thus far been highly satisfying. 
It appears that structured carbons may contribute to the enhancement of catalytic 
activities due to the enhanced electron transfer (Shao et al., 2009). Other structured 
catalyst supports considered for future work could include nanostructured or 





mesostructured carbons (such as carbon nanotubes, carbon nanofibers, and 
mesoporous carbon), oxides (such as Tin oxide, indium tine oxide, and titanium 
oxides), carbides (such as tungsten carbide) and nitrides (such as molybdenum nitride) 
for which there have been reports of their positive contributions to catalysts 
(Matsumoto et al., 2004; Raffaelle et al., 2005; Shao et al., 2009).  
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